Polychlorinated Biphenyl Source Identification in Fish Tissue Using a Multivariate Statistical Evaluation of Congeners and Stable Isotope Ratio Mass Spectrometry by Corl, William Edward, III
Old Dominion University
ODU Digital Commons
Civil & Environmental Engineering Theses &
Dissertations Civil & Environmental Engineering
Winter 2015
Polychlorinated Biphenyl Source Identification in
Fish Tissue Using a Multivariate Statistical
Evaluation of Congeners and Stable Isotope Ratio
Mass Spectrometry
William Edward Corl III
Old Dominion University
Follow this and additional works at: https://digitalcommons.odu.edu/cee_etds
Part of the Environmental Engineering Commons
This Dissertation is brought to you for free and open access by the Civil & Environmental Engineering at ODU Digital Commons. It has been accepted
for inclusion in Civil & Environmental Engineering Theses & Dissertations by an authorized administrator of ODU Digital Commons. For more
information, please contact digitalcommons@odu.edu.
Recommended Citation
Corl, William E.. "Polychlorinated Biphenyl Source Identification in Fish Tissue Using a Multivariate Statistical Evaluation of
Congeners and Stable Isotope Ratio Mass Spectrometry" (2015). Doctor of Philosophy (PhD), dissertation, Civil/Environmental
Engineering, Old Dominion University, DOI: 10.25777/cmaz-3a54
https://digitalcommons.odu.edu/cee_etds/56
POLYCHLORINATED BIPHENYL SOURCE IDENTIFICATION IN FISH 
TISSUE USING A MULTIVARIATE STATISTICAL EVALUATION OF 
CONGENERS AND STABLE ISOTOPE RATIO MASS SPECTROMETRY
William Edward Corl III
B.S. December 1988, Old Dominion University 
M.S. December 1997, Old Dominion University
A Dissertation Submitted to the Faculty o f 
Old Dominion University in Partial Fulfillment o f the 
Requirement for the Degree of
DOCTOR OF PHILOSOPHY 
ENVIRONMENTAL ENGINEERING 
OLD DOMINION UNIVERSITY 
December 2015
by
Api A u' "





INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
ProQuest 10129804
ProQuest
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
ABSTRACT
POLYCHLORINATED BIPHENYL SOURCE IDENTIFICATION 
IN FISH TISSUE USING A MULTIVARIATE STATISTICAL EVALUATION 
OF CONGENERS AND STABLE ISOTOPE RATIO MASS SPECTROMETRY
W illiam E. Corl III 
Old Dominion University 2015 
Director: Dr. G ary Schafran
Polychlorinated biphenyls (PCBs) were commercially produced m ixtures primarily 
utilized as dielectric fluids in the electrical industry. However, due to their stability, 
they were widely used in many other applications. Although production of PCBs ceased 
in the 1970’s, they continue to be a contam inant in the environm ent due to their 
widespread use, their recalcitrant behavior, and their proposed toxicological effects.
In 2008, a routine environmental investigation of an abandoned, concrete-lined pool 
at a D epartm ent of Defense (DoD) training facility in W illiamsburg, Virginia led to the 
discovery of a PCB release from the facility into an adjacent reservoir. A forensic study 
was performed to determine if other PCB sources were present and to evaluate if the 
contamination in the fish could be traced to specific sources.
This research required the analysis of soils, sediments, and fish, and the subsequent 
fingerprinting o f PCB profiles in each media. Polytopic vector analysis (PVA) was 
utilized to estimate the num ber of end-members (sources) that contributed to 
contamination in different species offish, the relative contributions of key congeners in 
each species, and the m ixing proportion of estimated end-members in each sample.
Calculated end-member profiles from the PVA were compared to known concentrations 
of PCBs found in several sediment locations.
Following the PVA evaluations, carbon and chlorine compound specific isotope 
analysis (CSIA) of several sediment and fish tissue samples was performed using a novel 
approach in an effort to further confirm the initial conclusions from the PVA.
Despite weathering processes, which significantly changed the PCB congener 
profiles from the respective sources, results of the PVA and the general profiles of PCBs 
in sediments from different locations confirmed that while the PCB release from the 
DoD facility has impacted fish in the reservoir, there were other sources of PCB present 
in sediments and fish. Reference locations far removed from the Navy release showed 
the highest concentrations in sediments but did not show a prevalent signature in fish 
tissue. The isotopic data support the PVA conclusions that a source signature 
consistent with the Navy release was the prevalent signature in the fish, but the data 
also show the presence of other sources.
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11: INTRODUCTION
l . l  Background
Polychlorinated biphenyls (PCBs) consist of a biphenyl molecule (consisting of two 
benzene rings linked by a single carbon-carbon bond) with a specific number of attached 
chlorine atoms (Figure l). The biphenyl molecule can contain from one to ten chlorine 
atoms, with 209 possible unique patterns. Each unique chlorine pattern represents a 
PCB congener. PCBs have historically been used in capacitors, transformers, and other 
electrical equipment. In addition to their widespread use as dielectric fluids, PCBs have 
also been used in prin ting inks, PVC products, coatings, cutting and immersion oils, 
sealants, paints, insulation materials, de-dusting agents, pesticides, and carbonless copy 
paper, and for other applications (Erickson, 1997). PCB formulations that were used 
historically and continue to be found in the environm ent today exist as unrefined 
m ixtures of congeners due to the nature in which they were produced: chlorination of 
the biphenyl molecule. T he m ajority of PCB formulations were produced commercially 
in the U.S. by M onsanto Chemical Company between 1929 through 1977 under the 
trade name of Aroclors™  (Holoubek, 2001). PCB m ixtures were also produced outside 
the U.S. under different trade names such as Clophen (Germany), Prodolec (France), 
and Phenoclor (Japan) (NAVFAC, 2012). It is estimated that approximately 600,000 
m etric tons of PCBs were produced by M onsanto (Erickson, 1997). Fewer than ten 
Aroclor mixtures were widely used throughout the U.S. until they were banned in 1977 
with the passing of the Toxic Substances Control Act (TSCA), due to their pervasive 
nature and perceived effects to human health and the environment. Historically, it has 
been perceived that PCBs were completely intolerant to degradation in the 
environment. However, it has been determined that environmental weathering can
2alter the PCB congener composition of the originally released commercial Aroclor 
mixture. M any PCBs are selectively reduced via microbial reduction and oxidation 
processes (Brown, 1987). Physical and chemical processes can also influence PCB 
concentrations (Alder, 1993; Bednard, 1996 (a) and (b)). The properties that make PCBs 
desirable in industrial applications also tend to make them problematic upon being 
released into the environm ent (Erickson, 1997). They are relatively persistent and 
hydrophobic, and they tend to bioaccumulate in the food web. Due to their lipophilic 
nature, they tend to become bioconcentrated, prim arily in adipose tissues, and they have 
been detected in both animal and human samples (Moolenaar, 1983).
1.2 Nomenclature
All Aroclors are numbered with a four-digit code, in which the first two digits are 
12 and the last two digits represent the percentage by weight o f chlorine. Therefore, 
Aroclor 1260 is a m ixture of more than a hundred individual PCB compounds in which 
the m ixture is 60 percent (by weight) chlorine. T he only exception to this num bering 
system is Aroclor 1016, which is a special distillation product of Aroclor 1242 that 
contains only one percent of PCB congeners with five or more chlorines. Each Aroclor 
represents a PCB m ixture of individual PCB congeners. The biphenyl molecule has a 
total of 10 positions available for chlorination (F igure l.l).
3Polychlorinated Biphenyl (PCB)
Figure 1. l Structure of a PCB Molecule
Theoretically, Aroclor mixtures can contain up to 209 different individual PCB 
congeners; however, most Aroclors contain less than 130 congeners (Safe, 1990). 
Aroclor m ixtures were mainly produced as dielectric fluids for electrical 
transform ers, and over 90% of the total M onsanto production consisted of Aroclors 
1016, 1242, 1254, and 1260. Although there is overlap in congener content between 
some of the Aroclor formulations, there are distinctive differences in the relative 
proportions of congeners present. The physical properties o f Aroclor mixtures are 
governed by the extent of chlorination and the location of the chlorine groups on the 
biphenyl molecule. Groups o f individual PCB congeners having the same number of 
chlorines are called PCB homologs, based upon the num ber of chlorine atoms 
present. Despite their complexity and variability, different Aroclor mixtures may 
have many individual congeners in common. Table 1 presents the homolog groups 
present in some of the more common Aroclor mixtures. The table shows the 
corresponding weight percentage of chlorine present, and the amount of homologs 
present in each. It is im portant to note tha t the relative proportion of higher 
chlorinated congeners increases with the higher weight percent of Aroclors (higher
4numbered Aroclors). Although knowledge of the homolog composition provides 
valuable information regarding the number of chlorines present on the biphenyl 
molecule, the specific location of each chlorine atom cannot be ascertained unless 
each congener present is quantified. T he International Union o f Pure and Applied 
Chemists (IUPAC) has developed a num bering system in which each individual PCB 
congener has been assigned a number ranging from 1 to 209 (as indicated in 
Appendix Table A .l). Ultimately, it is the three-dimensional position of chlorines 
and the conformation of the biphenyl rings that govern the behavior of each of the 
209 PCB congeners in the environment. T he benzene rings can rotate around the 
bond connecting them, but the rings are forced towards either the same plane (in 
which case, they are termed “coplanar”) or toward perpendicular planes by the 
electrostatic repulsion of the highly electronegative chlorine atoms. The 2, 6, 2', and 
6', which are the carbons nearest the bond between phenyl rings, are referred to as 
ortho positions; the 3, 5,3', and 5' are meta positions, while the 4 and 4' are para 
positions (see Figure 1.2). W hile only the non-or/Ao-substituted congeners 
(congeners without chlorines in any of the ortho ring positions) can achieve a 
completely coplanar configuration, some of the mono-ortAo-and di-orfAo-substituted 
congeners can assume enough o f a coplanar ring configuration to be included in the 
grouping of “coplanar” congeners.
5Table 1.1 Homolog Groups in Aroclor Mixtures
HOMOLOG GROUPS 
(Groups of congeners with 






(% Of Each Homolog Present)
1221 1232 1016 1242 1248 1254 1260 1




18.8 50 26 2 3 - -
Di-Chlorinated Biphenyls (2) 31.81 35 29 19 13 2 - -
Tri-Chlorinated Biphenyls (3) 41.3 4 24 57 28 18 - -
Tetra-Chlorinated Biphenyls
(4)
48.61 1 15 22 30 40 11 -
Penta-Chlorinated Biphenyls 
(5)
54.4 - - - 22 36 49 12
Hexa-Chlorinated Biphenyls 
(6)
59 - - - 4 4 34 38
Hepta-Chlorinated Biphenyls 
(7)
62.8 - - - - 6 41
Octa-Chlorinated Biphenyls 
(8)
66 - - - - - - 8
Nona-Chlorinated Biphenyls 
(9)
68.8 - - - - - - 1
Deca-Chlorinated Biphenyls 
(10)
- - - - - - - -
T he environmental problems associated with PCBs are a manifestation o f the same 
properties that made them desirable for industrial applications; they resist degradation 
and are therefore very recalcitrant; they persist in the environment. Volatility and 
w ater solubility decreases with increasing chlorine substitution. PCBs also have
6relatively high octanol/w ater partition coefficients (k0w), due to their intrinsic chemical 
characteristics, which also means that they are lipophilic. Their lipophilic nature means 
that they readily adsorb and partition onto organic carbon moieties of soils and 
sediments. Therefore, they concentrate in areas high in organic carbon. These 
properties also affect their characteristics in the food web. They tend to bioaccumulate 
in the fat (lipid) portions of organisms and are not readily metabolized or excreted. 
PCBs, therefore, may biomagnify with successive passing within the foodweb.
1.3 Toxicity
Co-planar alignm ent of the chlorinated molecule has significant implications 
regarding the toxicity, fate, and transport of PCBs. T he completely non-ortho- 
substituted congeners with chlorine atoms at both para and two or more meta positions 
are generally considered the m ost toxic. Non-or/Ao-substituted congeners with fewer 
than four total chlorine atoms exhibit much lower toxicity than those with four or more 
chlorine atoms. Studies have shown that PCBs exhibit toxic properties that correlate 
with the number and position o f chlorination (Safe, 1993). PCBs have been shown to 
cause cancer in rats; in fact, anecdotal evidence of increased levels of cancer occurrence 
in humans exposed to PCBs has led the EPA and other agencies to label PCBs as 
probable human carcinogens (EPA, 1999a). PCBs that lack significant chlorination in 
the ortho-positions can assume a flat planar configuration that is similar to the rigidly 
planar configuration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD). According 
to the W orld Health Organization (WHO), TCD D  is thought to be one of the most 
toxic organic chemicals (Van den Berg, 2006). The non-ortho and some mono­
chlorinated ortho, co-planar PCB’s are assumed to elicit similar toxicological properties
7to that of TCDD. H uang and Rusling (1995) also hypothesized that shape may not be 
the sole determ ining factor in the toxicity of these “dioxin-like” PCB’s.
Figure 1.2 Designation of Chlorine Positions on the Biphenyl Molecule.
They found that the formal potentials related to single electron transfer reactions of 
PCB congeners also correlated positively with toxicity. In a coplanar configuration, the 
dioxin-like compounds (also called ligands in this context) can bind to the aryl 
hydrocarbon (Ah) receptor (AhR). The AhR is a cytosolic, soluble protein produced by 
the Ah gene locus. Once binding occurs, the ligand-receptor complex is then 
translocated into the cell nucleus, which is believed to initiate many o f the adverse 
effects induced by these compounds (Safe, 1990a).
A select group of these PCB congeners has been assigned toxicity equivalent 
factors (TEFs) relative to 2,3,7,8-TCDD by the Environm ental Protection Agency 
(EPA) and the W orld Health Organization (WHO). The designated dioxin-like PCBs 
are scaled relative to the response of 2,3,7,8-TCDD, which has an assigned T E F  value 
o f 1.00. Each T E F  is multiplied by the concentration o f its respective PCB congener 
measured in an environm ental sample (such as a fish tissue sample) and the products are
Meta




8summed. The resulting TEQ  value may then be compared to a suitably-derived 
toxicological value or bench-mark, often called a toxicity reference value (TRV) that is 
relevant to the exposure being modeled. For human health risk assessments, the TEQ  
concentration for the m ixture is multiplied by the slope factor in order for TCDD to 
calculate total PCB dioxin-like carcinogenic risks. Consensus-based, internationally- 
accepted T E F s for the dioxin-like PCBs have also been developed for fish, birds, and 
mammals, and are provided in Table 1.2. M ost of the available and relevant PCB 
toxicity data are based upon Aroclors o r upon total PCBs. Among the dioxin-like PCB 
congeners, PCBs 77, 126, and 169 are generally considered the most toxic and are the 
most studied (particularly PCB 126). M ost available PCB congener toxicological 
studies are with fish or mammals, with fewer available data for birds, and very little 
available data for other receptors, such as amphibians. W hile the dioxin-like PCBs are 
thought to represent the most toxic components of PCB m ixtures that are present in 
the environment, they generally comprise only a small fraction of the total PCB 
concentration. The other 197 PCB congeners, sometimes called non-dioxin-like PCBs, 
are a diverse group of congeners and may have additional toxicological properties (i.e., 
non-AhR mediated effects) that are not accounted for by the T E Q  methodology. 
Although current evidence indicates tha t the greatest potential for effects on the 
toxicity endpoints of m ost concern for ecological receptors (survival, growth, and 
reproduction) from exposures to PCB m ixtures is from the dioxin-like congeners, non- 
AhR mediated effects may be im portant contributors to overall PCB toxicity.
9Table 1.2 Dioxin-like Congeners and Corresponding TEFs (Van der Berg et al. 1998).
PCBcoueener Chlorines4 Positioir Fish TEF Bird TEF Human Mammal 
TEF
77 4 non-ortho 0 0001 0.05 0 0001
SI 4 non-ortho 0 0005 0.1 0.0001
105 5 mono-ortho <0 000005 0.0001 0.0001
114 5 mouo-ortlio <0.000005 0.0001 0.0005
118 5 mono-ortho <0 000005 0.00001 0 0001
123 5 mono-ortho <0.000005 0.00001 0.0001
126 5 non-ortho 0 005 0.1 0 1
156 6 mono-ortho <0.000005 0.0001 0.0005
157 6 mono-ortho <0.000005 0.0001 0.0005
167 6 mono-ortho <0.000005 0.00001 0.00001
169 6 non-ortho 0 00005 0.001 0.01
189 7 mono-ortho <0.000005 0.00001 0.0001
1 Number of chlorines in congener 
■ Position of chlorine near biphenvl double bond
Thus, risk estimates based upon only the 12 dioxin-like PCB congeners using the TEQ  
methodology may underestim ate the total PCB risk. Total PCBs and TE Q s are often 
not significantly correlated, likely due to the relatively low percentage of dioxin-like 
congeners present in the mixtures. This indicates the need to evaluate PCB mixtures, 
as well as specific congener groups (such as the dioxin-like congeners), using other 
methods for evaluating PCB toxicity in concert with the T E F /T E Q  approach.
1.4 Summary of Research Goals
Historically, most PCB releases from hazardous waste sites that are managed under 
the Comprehensive Environm ental Response, Compensation and Liability Act of 1980 
(CERCLA; Code o f Federal Regulations, 1980) have been Aroclor releases from oil
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contained in electrical transformers. However, as previously mentioned, there are other 
sources of PCBs. PCBs may also be formed de novo from the burning or incineration of 
products containing chlorine. Therefore, while all Aroclors are PCBs, not all PCBs are 
Aroclors. Causation is a heavily litigated issue under CERCLA, w'hich imposes jo in t 
liability for potentially responsible parties (PRPs). Because CERCLA defines 
responsibility very broadly, the burden falls quickly upon the PRPs to define w hether 
there is a preponderance of proof that environm ental damage has been the result of their 
respective sources. The diverse nature of PCB sources, the low-level toxicological 
concerns, and their relative persistence in the environm ent support the need for 
environmental forensic methodologies for these anthropogenic compounds.
The prim ary objective of this research is to evaluate the presence of multiple sources of 
PCBs into a receiving freshwater reservoir. The data will be used to satisfy Navy policy 
requirem ents in evaluating the extent o f the Navy’s contribution to PCBs in aquatic 
media, including sediment and fish. These requirem ents apply to environmental 
investigations where co-mingling of other non-Navy inputs may significantly contribute 
to the total am ount of PCBs found in the aquatic environments. Source attribution has 
implications for the Navy’s responsibility for clean-up. It is emphasized that the specific 
identification of other potentially responsible parties is not consistent with the intent of 
the Navy policies, and therefore is not the objective of this study; rather, its purpose is 
to substantiate w hether a known Navy PCB release is the prim ary contributor into the 
receiving water-body. A summary of the applicable requirem ents outlined in the 
following two Navy policy documents further elucidates the objectives of this research.
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The Navy’s background policy (2004) requires that:
1) There must be a clear and concise understanding o f chemicals released from  a [NavyJ  
site thus ensuring that the Navy is focusing on remediating the release.
2) Site cleanup remedial goals must not be below background levels. Additionally, cleanup 
levels should not be developed fo r  chemicals that are not identified as site related 
contaminants o f concern (COCs).
3) Background levels should be evaluated during site investigations in order to differentiate 
between the Navy's cleanup responsibilities and background sources. The fbackground 
evaluationJ process (which includes elimination o f  chemicals on the basis o f non-Navy 
background concentrations) should be discussed as early as possible with regulators and 
the community. The evaluation o f background chemicals shall be scientifically based, 
defensible, and cost effective.
The N avy’s policy on sediment investigations (2002) requires that:
1) A ll sources shall be identified to determine i f  the Navy is solely responsiblefor the 
contamination.
2) Source identification is very important in determining the Navy's cleanup responsibility 
and i f  a site will be re-contaminated after cleanup is complete.
3) A ll investigations shall be primarily linked to a specific Navy C ERC LA/RC R A site and 
to determine i f  there are other sources. Innovative investigation and interpretation 
techniques such as modeling, rapid assessment, finger printing and in-situ tools should be 
utilized to investigate sediments.
4) The Navy shall not clean up contamination from  non-Navy sources where the Navy has 
not contributed to the risk in sediments. The Navy will not clean up a site before the 
source is contained. Any potential re-contamination by non-Navy sources shall be 
documented.
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2: GEOGRAPHIC STUDY AREA AND SUMMARY OF EXISTING DATA
2.1 Armed Forces Experim ental T rain ing  Activity (AFETA)
The site that was the focus of this research is the Armed Forces Experimental 
T rain ing  Activity (AFETA) training facility located on the south bank of the York 
River within York and James City Counties, Virginia. The facility is situated northeast 
of In terstate 64, approximately two miles northeast of W illiam sburg (Figure 3.1). T he 
A EFTA  facility covers approximately 10,000 acres, and a large portion of its land is 
heavily wooded.” The facility is bounded on the east by the York River, on the north by 
Skimino Creek (except the portion in James City County), on the northw est by private 
property, on the southwest by In terstate  64, and on the south by Queens Creek. The 
training facility was established in the late 1930s for the Navy’s Construction Battalion. 
Presently, the facility is owned by the Navy, but is leased to  the D epartm ent of Defense 
(DoD) as a training facility. The original source area o f the PCBs from the DoD 
training facility is designated as site 49F, found in the southern portion near the facility 
boundary. Site 49F consists of an abandoned swimming pool that was used for training 
purposes. T he pool at Site 49F was concrete lined and was approximately 97 feet (29.6 
meters) long by 38 feet (l 1.6 meters) wide. The volume of the swimming pool at Site 
49F is assumed to be 525 cubic yards (cy) (343 cubic meters). U ntil the 1960s, the pool 
was used for training purposes; then, it was apparently used for the disposal of waste.
A t the time of discovery the pool was found to contain soil and debris of unknown 
origin or quantity. The m ajority o f the material was found in the southern end of the 
pool. Field investigation activities for the environmental site investigation (ESI) were 
conducted in August and September of 2002. D uring the investigation, three test 
trenches were excav ated within the pool boundary to determine the depth and the
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contents of the pool. T he test trenches were excavated to 5 feet below ground surface 
(bgs). From  1 to 5 feet, various materials were encountered including metal wire, foam 
insulation, pieces of metal, drums, bricks, and steel poles. From  each of the test 
trenches, one surface and one subsurface soil sample were collected. The soil samples 
were analyzed for various types of environmental compounds including volatiles, semi- 
volatiles, pesticides, PCBs, and metals. Aroclor 1260 and 1254 were detected in both 
the surface and subsurface soils within the pool and in various locations outside of the 
pool. There was a drainage swale that originated near the bottom of the north end of 
the abandoned swimming pool and a southern drainage swale that originated near the 
southwest corner of the abandoned swimming pool. Approximately 100 feet (ft) from 
the western edge of the abandoned swimming pool, the northern and southern drainage 
swales converged at a concrete weir and catch basin which was connected to a concrete 
culvert. The initial test data indicated that PCBs were present in both of the two 
drainage swales leading from the pool. PCBs in the surface and subsurface soil exceeded 
USEPA Region 3 Residential an d /o r Industrial Risk-Based Concentrations (RBCs) at 
0.24 and 0.99 m g /k g  respectively (US EPA, 1993). A lthough other contam inants were 
found in the pool, Aroclor 1260 was the only contam inant in the pool that was also 
detected in the drainage ditches immediately dow n-gradient of the pool, indicating that 
it is the only contam inant that was likely significantly transported to locations further 
down-gradient. Initial investigation data determined that PCBs existed in the most 
down-gradient surface and subsurface soils at the activity boundary ju s t prior to the 
concrete culvert. These data suggested that further dow n-gradient transport of PCB’s 
to off-site locations had likely occurred.
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Figure 2.1: Waller Mill Reservoir, Surrounding Watershed, and Sub-watersheds.
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In June of 2008, a cap was placed over the pool source area to prevent contaminant 
migration. A pool drain was located on the north end of the pool. A pipe connected to 
this drain then followed the northern swale and terminated at this weir. There was no 
drain or pipe found at the southern end of the pool. The northern and southern 
drainage swales immediately down-gradient from the Site 49F pool converged onsite at 
a concrete weir located approximately 74 feet east o f the facility boundary. The weir 
connected to a culvert within the facility boundary that continued outside the facility 
boundary beneath Interstate 64 (1-64) and beneath Rochambeau Road. The culvert then 
discharged toward an unnamed tributary of Waller Mill Reservoir.
2.2 Waller Mill Reservoir
W aller Mill Reservoir is located within the City of W illiam sburg property. The 
unnamed tributary  and associated drainage is approximately 1,200 feet long from the 
opening of Rochambeau Road to the point of discharge into W aller Mill Reservoir to 
the west. For the first 200 to 300 feet, the tributary  functions more as a storm  water 
drainage swale passing through a low-lying and flat depositional area (DA l). This area 
does not contain standing water under norm al (non-rainy) conditions. Beyond this 
point, elevation drops off rapidly over the next approximately 700 feet and the drainage 
transitions into a highly eroded channel. Standing/flow ing water becomes increasingly 
persistent as it travels farther west across this 700-foot segment. For the remaining 
200 to 300 feet, the drainage functions m ore like a tributary with more persistent areas 
o f flowing or pooling surface water. A low-lying depositional area (DA-2) is present 
near the confluence of the tributary  and W aller M ill Reservoir. This area functions as a
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floodplain and is within the area of influence from the normal reservoir water level 
fluctuations.
Total freshwater flow enters the receiving reservoir at diverse locations and into 
eleven main branches. Surface runoff from the site Site 49F pool drainage basin enters 
the reservoir in the branch shown on Figure 2.2. The reservoir has a storage volume of 
approximately 1.4 billion gallons (5.3 x 106 cubic meters) and a watershed of 
approximately 6.5-square-miles (1700 hectares) (CDM, 2007).
Figure 2.2: Site 49F Source Area, Storm Water Conveyance and Receiving Reservoir 
Inlet. (Flow is from right (east) to left (west).
The watershed boundary was delineated using data from the USGS National 
Elevation Dataset. The watershed lies along the western portion of the governm ent 
training facility, north and east of the City of W illiam sburg in York County. Generally, 
the adjoining Interstate marks the eastern boundary of the watershed with the 
exception of a small area east of the In terstate within the boundary of the training 
facility. The receiving reservoir is 360-acres and is a drinking w ater source providing 
approximately 3.5 million gallons (13.2 million liters) of w ater daily to the greater 
W illiam sburg area (CDM, 2006). W ater from the reservoir is treated at the city’s 
treatm ent plant located on the south area o f the watershed near the 270-foot 
dam /spillw ay which divides the reservoir from a tidally influenced creek. The reservoir 
is also used as a public fishing and recreational area. Fish th a t are commonly caught 
and consumed include striped and largem outh bass, bluegill, sunfish, perch, and catfish. 
Tw o large conduits connect the upper and lower portions o f the reservoir. These 
conduits consist of a navigable concrete tunnel and an adjacent submerged pipe. Land 
surrounding the reservoir is predom inantly used for recreational and open space, and 
includes some residential and commercial real estate as well as land with other uses. 
F igure 2.1 displays the W aller Mill Reservoir, the surrounding watershed, and the three 
sub-watersheds that were included in this investigation. T he percentage of the total 
watershed for each land use category is described below (obtained from the York 
County and W illiam sburg Planning Departments):
• Conservation Land/Recreational parks: 52 percent
• Vacant/Open Space (Land currently not in use): 23.2 percent
• Single Family Residential: 6.3 percent
• Commercial: 4.6 percent
• Roads: 3.5 percent
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• Public/Semi-Public: 2.8 percent
• M ilitary: 2.4 percent
• Agricultural: 2.4 percent
• Limited Industrial: 2 percent
• Multi-family residential: 0.4 percent
• Undefined: 0.4 percent
An investigation of the drainage ditch immediately up-gradient of the reservoir and 
the reference areas that would not be affected by the Navy release was conducted in 
January 2009. T hat preliminary investigation confirmed that Aroclor-1260 and /o r 
Aroclor-1260 specific congeners were present along the drainage pathway and within 
the V D O T culvert system between Rochambeau Road and W aller Mill Reservoir. 
Reference samples collected during the offsite investigation indicated that there were 
detections of congeners from drainage pathways not impacted by Site 49F; however, the 
contribution of PCBs from Site 49F within the preferential pathway were greater than 
reference pathways. One soil sample retained from the pool (source) prior to the 
removal action was analyzed for Aroclor-1260 specific congeners. This sample was 
used for congener comparison purposes in down-gradient samples. Initial screening of 
the PCB congener data from the Site 49F pool was similar to the contamination found 
at the Deposition Areas 1 and 2. Similarities to the congener pattern  from the proposed 
Navy source and the drainage depositional areas further supported the notion that PCBs 
associated with Site 49F may have m igrated offsite through the tributary to the ex tent 
of the reservoir. However, it was still unknown if PCBs from the Navy training facility 
had entered the reservoir-proper in significant concentrations that would result in 
uptake into the food web, resulting in potential risk to human health or ecological biota,
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and/or if other sources of PCBs had also contributed to the overall PCB reservoir 
loading. Consequently, it was of interest to further investigate whether the Navy 
training facility was a significant source of PCB occurrence in the regions downgradient 
from the study site, utilizing new analytical procedures to help identify (fingerprint) the 




There are three general categories of PCB analytical methods that are typically 
performed— namely, Aroclors, PCB homologs, and PCB congeners. Most PCB 
analytical methods routinely performed on environmental samples rely on gas 
chromatography (GC) to separate groups of similar PCBs or individual PCB congeners 
based on volatility and polarization. PCBs can be determined by Aroclor equivalents, 
homolog group totals, or individual congeners. The detection of PCBs is typically 
performed using an electron capture detector (ECD). There are several analytical 
procedures available for the detection and quantification of Aroclors. Historically, U.S. 
Environmental Protection Agency (EPA) methods 8081 (US EPA, 1994) and 8082 (US 
EPA, 2002) using GC-ECD have been used for the identification and quantification of 
Aroclors in various environmental matrices for hazardous waste investigations. EPA 
method 608 (US EPA, 1979) is also a GC-ECD method used for organochlorine 
pesticides and PCBs in wastewater. Each of these procedures utilizes reference Aroclors 
for the calibration standards. Measurement is performed by comparison of the total 
area or the total height of sample peaks to those of one or more Aroclors, depending on 
the chromatographic pattern of the sample. The peaks may be individual congeners or a 
combination o f co-eluting congeners. It is at the discretion of the analyst to select 
which peaks (and how many) will be used for the identification and measurement of each 
Aroclor. Therefore, sensitivity and selectivity will vary and is highly dependent upon 
the laboratory and analyst performing the procedure. In addition, because the Aroclor 
standards are mixtures of numerous congeners, the identification of specific Aroclors is 
usually made by a visual confirmation made by the analyst. Many of the Aroclors have
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similar distributions of congeners, making positive identification of specific Aroclor peak 
patterns based upon chromatographic retention time very difficult due to co-elution 
effects. In addition, environmental weathering can alter the original chromatographic 
pattern of the original Aroclor. Characteristic peaks representing homolog groups or 
individual congeners may be missing due to degradation or selective environmental 
transport of congeners. T he absence o f these characteristic peaks may result in the 
chemist concluding that a particular Aroclor may not be present (false negative). 
Historically, regulatory limits established under the Toxic Substances Control Act 
(TSCA; US EPA, 1976) are based upon total PCBs as Aroclors. Thus, standard PCB 
methods are prim arily intended for bulk PCB concentration (total PCBs) and not for 
information for identifying individual congeners. Fram e et al. (1996) determined 
complete PCB congener assignments for all 209 congeners and for eight Aroclor 
formulations.
Mass spectrom etry offers increased specificity over methods dependent upon 
retention time for peak identification. M ass spectrom etry is less prone to interference 
problems associated with co-elution or retention time drift problems, as the detector is 
capable o f filtering specific masses that are characteristic of specific homologs or 
congeners. Low resolution G C /M S can be operated in the single ion m onitoring (SIM) 
mode for enhanced specificity and sensitivity. T he use of SIM provides both sensitivity 
and specificity. A minimum of five point calibrations for each congener is typically 
performed, using quadratic response factors, as PCB congener response factors deviate 
from linearity at concentrations exceeding 100 p g /u L  (Storr-Hansen, 1991). EPA 
M ethod 680 (US EPA, 1985b) is a G C /M S method for determ ining total PCBs by 
identifying and summing specific homolog group concentrations. This method can be
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performed using different detectors and can be adapted to measure holomolog groups or 
individual congeners. EPA Method 680 uses individual congeners that are specific to 
each of the nine homolog groups for calibration instead of Aroclor mixtures. PCB 
sources will exhibit characteristic homolog group patterns, but weathering will alter the 
relative proportions of the homolog groups present. Therefore, although GC/M S using 
homologs adds an additional level of specificity over GC-ECD, it is still not immune 
from the problems associated with weathering and is still limited for forensic 
applications. It is evident that for forensic studies, the optimum investigative resolution 
will be achieved by the quantification o f the individual congeners present. EPA Method 
1668 (EPA, 1997) is an isotope dilution technique that was developed by the EPA for 
use in hazardous waste investigations to determine the levels of PCBs in various media. 
Method 1668 utilizes high-resolution gas chromatography combined with high- 
resolution mass spectrometry (HRGC/HRMS) for the determination of a select set of 
PCB congeners. The original version o f this high-resolution method targeted only a 
select set of the co-planar congeners because the objectives were focused on risk-based 
investigations and toxicological studies. In 1999, the EPA promulgated method 1668A, 
which expanded the original method to include more than 150 congeners (USEPA,
1999). Although 1668A is capable of quantifying all 209 congeners and is currently the 
method of choice for source identification studies, there are typically no more than 150 
congeners in most Aroclors (Frame, 1996). In addition, a quantitation of 60-160 peaks 
is generally considered sufficient for inference o f PCB sources (Johnson, 2006).
Stable isotope ratio mass spectrometry (IRMS) represents the most recent 
advanced analytical tool in environmental forensics. Whereas the previously mentioned 
methods seek to attribute congener-specific fingerprints for source attribution on a
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molecular scale, IRMS further sorts source inference by identifying characteristics on an 
atomic level by measuring the relative proportion of chlorine isotopes (37C1/35C1) and /o r 
carbon isotopes (13C /12C) in either total homolog groups or individual congeners.
Stable isotope ratios are expressed in parts per thousand, relative to that of a standard 
in delta (5) notation:
For forensic applications, if the isotope ratio signatures for carbon an d /o r chlorine 
show distinct differences between the known sources, then they can provide an 
additional level of resolution for source apportionm ent investigations. Further, if the 
isotope ratio for specific congeners that are more resistant to weathering is used, then in 
theory, even sources containing the same congener signatures may be differentiated.
3.2 PCB Forensics
There are various analytical methods that can be used for the tracking of PCBs in 
the environment. Characterization of specific PCB signatures necessitates the 
separation and quantification of specific congeners. T he selection of extraction, cleanup, 
and analytical methods depends upon the concentration o f concern, the degree of 
weathering, and the complexity and nature of the m atrix and the associated 
interferences. Identification of specific sources o f PCBs can be very challenging, 
especially in aquatic environm ents in or around industrialized areas where there is the 
potential for multiple sources. The level of sophistication in the forensic approach
Standard
X  1000 ( 1)
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should be commensurate with the complexity of the conceptual site model regarding the 
nature and extent of all potential sources, the transport pathways, and the ultimate fate 
of the PCBs. A representation of the transport, compartmentalization, degradation, and 
foodweb transfer for PCBs is depicted in Figure 3.1. PCBs are adsorbed to the organic 
moieties of particulates and the primary transport mechanism of PCBs from upland 
areas occurs during rain events where these particulates are simply washed to 
downgradient locations. PCBs may also be introduced through the atmosphere via 
volatilization or fall-out from adsorbed particulates. Sediments are the main sink for 
PCBs in the waterbody and from there, the PCBs may enter the food-web via various 
pathways. The original congener profiles may be conserved or significantly altered 
once in the sediments. The degree of profile transformation likely increases with each 
successive step in the food-web. Therefore, source identification and allocation can be 
challenging when using fish as the media for study. Larger fish species are particularly 
difficult because they feed on a variety of prey items, and they are typically pelagic with 
very broad home ranges.
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Figure 3.1. Conceptual Model of PCB Transport, Compartmentalization, and Trophic 
Transfer.
Regardless of the forensic approach, the ultimate success of a forensic investigation 
is based upon the ability either to isolate one or more characteristics of a specific known 
source or to provide substantial empirical evidence that the release could not have been 
transported to locations where the potential for co-mingling with other sources could 
occur. Often, historical records and/or empirical evidence of a single, large-volume 
(point-source) release will preclude the need for more complex analytical methods 
needed to verify the former. Otherwise, due to the global occurrence and the prolific 
nature of PCBs, it is very seldom that one specific source can be attributed as the only 
contributor in depositional sediments. The fact that Aroclors are mixtures of individual 
PCB congeners with fairly characteristic distributions creates a potential tool for a
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forensic investigation. Aroclor chromatograms provide very characteristic fingerprints 
that can easily be applied to differentiate one Aroclor source from another. As shown in 
Table 1.1, there are commonalities in congener groups between different Aroclors 
which also result in chromatographic overlap. These regions of overlap can complicate 
the ability to use chromatographic patterns in forensic investigations. However, the 
forensic investigator can target regions where the elution overlap does not occur and/or 
can examine relative peak ratios that are specific to each Aroclor. The ability to use a 
comparison of chromatographic elution patterns as forensic fingerprints for Aroclor 
investigations is limited. As previously mentioned, weathering can significantly alter 
the relative amounts o f chlorinated species that represent the Aroclor mixture. 
Therefore, unless the weathering process is conservative (i.e. unless the relative 
abundance of the corresponding peaks being used for the fingerprint remain constant), 
the fingerprint cannot be used with confidence for source apportionment. In addition, 
the presence of other sources of non-Aroclor PCBs will increase the contributions of 
certain congeners, and reductive dechlorination of higher chlorinated homologs can 
result in the formation of lower chlorinated intermediates and end products.
Collectively, these variables further exacerbate the problems associated with forensic 
fingerprinting that rely on relative distributions of indicator congeners. Normalized 
congener concentrations have been evaluated using various statistical tools.
Principal component analysis (PCA) can be used to determine which residual 
congeners show the greatest variability, as PCBs migrate both laterally and vertically 
within the environment (Falandysz et al., 2002). A similarity index can then be 
developed using conservative congener pairs to determine if PCB signatures in 
reservoir sediments are statistically similar to the original source end member. A
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similarity index based upon a cosine theta (cos-6) metric was defined by Davis (1986) 
and Joreskog (1976) and was used by them for geological factor scoring (i.e. a simplified 
explanation of geologic factor scoring). Factor scores were further generated using 
principal component analysis. The cosine theta metric compares the patterns by 
treating each as a multi-dimensional vector, and then calculates the angle between those 
two vectors. This same approach has been previously applied for PCB source tracking 
by Chiarenzelli (1997). The composition of the sample can be defined as being an n- 
dimensional vector (of congener variables) with the angle between those vectors as a 
function o f similarity between the two compositions. If the vectors are co-incident, the 
angle will be zero and the cosine will be 1.0, indicating that the compositional 
similarities are matching. Conversely, if the angle is found to be 90° (cosine 9), the 
samples will show no commonality in congener compositions.
The equation is shown as equation (2), where two samples contain range 
normalized x  concentrations of p  congeners in n,m samples (which are row vectors o f a 
data matrix). Sather et al. (2001) used a least squares statistical modeling approach by 
calculating the distribution of congeners in samples using covariance of residuals 
between original Aroclors mixtures and those found in environmental media.
cos 0 nm l y P  x 2 _ y V 2mj
(2 )
However, the authors noted significant problems due to weathering. Unless the 
original PCB source being investigated is a known Aroclor release that is relatively 
unweathered and contains key chromatographic characteristics o f an Aroclor pattern
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that differs from other PCB contributions, congener-specific data will be needed. 
Newman et al. (1998) used congeners in a tracker-pair approach to determine sources of 
Aroclors, while Karcher, eta l. (2004), used a similar approach of identifying specific 
congeners that maintain a constant ratio relationship to monitor congener distribution 
shifts in river sediments. Karcher identified 276 pairs of correlated congeners using 95 
individual congeners. With few exceptions, the identified tracker pairs were 
conservative within homolog groups. Shifts away from the fixed ratio relationships of 
the pairs were indicative o f congener degradation and/or preferential transport 
processes. It is emphasized that those conservative tracker pair congeners identified by 
the Karcher study that are consistent with the congeners known to be present in 
Aroclor 1260 (Frame, 1996) were only found in the penta- through hepta-chlorinated 
homologs. This suggests that only a select group of resistant congeners in these 
homolog groups are likely to be useful for forensic investigations. Johnson et al. (2000) 
utilized a polytopic vector analysis (PVA) of congeners to determine the relative 
contributions of Aroclors in San Francisco Bay. The results suggested that the ongoing 
source of PCBs in the San Francisco Bay is primarily the result of the re-suspension of 
sediment containing legacy contamination from previous historical releases. That 
study, however, was not used to isolate the origin of the individual sources of the 
Aroclors. Custer (2005) utilized a novel statistical approach to examine differences in 
polychlorinated biphenyl (PCB) congener patterns among locations and sample matrices 
in tree swallows ( Tachycineta bicolor) nesting in the Housatonic River. Congener pattern 
differences between groups (location, tissue type, and year) were evaluated using an 
approach based on pair-wise Euclidean distances and then were compared to tolerance 
limits derived from laboratory duplicate samples. Jarman et al. (1998) utilized isotope
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ratio mass spectrometry (IRMS) to evaluate the compound specific isotope ratios (CSIR) 
of carbon in various PCB products and determined that there were distinct differences 
between the 8 13C values for specific congeners. Jarman found a positive correlation 
between the level of chlorination in the individual congeners and 8 13C depletion. The 
findings suggest that 8 ,SC values could be a useful tool for PCB forensic studies. This is 
supported by the work of Vetter (2005), who was successfully able to differentiate two 
sources of toxaphene using 813C data. Certain Aroclor 1260 congeners have also been 
found to maintain their carbon isotope signals even after bioaccumulation into the food 
chain. Yanik (2003) utilized CSIR analysis of fish and duck tissue to evaluate the 
bioaccumulation attributes of 20 congeners. Although the correspondence of S13C in 
congeners from fresh Aroclor 1260 to congeners from tissue samples was not found to 
be identical, the patterns of similarity were very supportive of the maintenance of the 
isotopic signal into the food chain. The authors noted that a CSIA analysis of PCBs at 
natural abundance can provide significant insight into tracing PCBs through the natural 
environment, especially after standard chromatographic matching or other 
fingerprinting techniques become blurred.
Characteristic isotope ratios of PCBs in neat Aroclor mixtures using chlorine 837C1 
have also been determined. Reddy (2000) evaluated the 837C1 of total PCBs for several 
different Aroclor source materials and suggested that thereare no large congener- 
specific differences in the stable chlorine isotope ratios in any o f the Aroclors evaluated. 
Reddy confirmed that the chlorine isotopic ratio of commercial Aroclor mixtures is not 
specific to the manufacturer or country of production. Reddy also compared the bulk 
837C1 results o f the source materials to PCBs recovered from environmental sediment
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samples and concluded that any 8S7C1 values for PCBs from sediments that are greater 
than two standard deviation units away from the mean 837C1 value puts them outside 
the variability of the source material and analytical error. The mean and standard 
deviation of the 837C1 values from 12 different Aroclor mixtures was found to be - 2 .7 8  
+ / -  0.39%o. That study further implied that samples exhibiting 537C1 values beyond 
this range have been isotopically affected by fractionation processes and, in contrast to 
stable carbon isotopic compositions established by Jarman (1998), there was no 
correlation between the mass percent chlorine and the 837C1 values. Mandalakis (2007) 
evaluated the 837C1 of 18 individual congeners from three separate technical mixtures. 
All of the congeners were reported to have a depleted 837C1 with a range o f—1.9%o to -  
3.5%o. Congeners in specific Aroclors from different manufacturers were found to be 
very consistent while the same congeners from different Aroclors with an increased 
proportion of more chlorinated congeners were more depleted. Overall, 837C1 o f PCB 
congeners decreased by -0 .2 6 % o  with each additional chlorine atom on the biphenyl 
ring. Drenzek (2002) measured the bulk813C and 837C1 values for several Aroclor 
mixtures and found the respective isotope ranges to be constrained and not dependent 
upon manufacturer.
3.3 PCB Weathering
Although PCBs are long-lived in the environment, they can be transformed via 
various physical and biological processes (Brown, 1987; Abramowicz, 1996; and 
Chiarenzelli, 1997). Because o f the size and non-polar nature of PCBs, they are 
generally not considered to be appreciably water soluble or volatile. However, some of
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the lower-chlorinated congeners have more of a tendency to be transported in the 
environment. PCBs are considered a ubiquitous contaminant and they have been found 
in numerous marine and terrestrial plants, mammals, fish, and birds. PCB 
concentrations increase in the food web and have also been detected in human adipose 
tissue (EPA, 1980 and Lucas, 1982). Although PCBs are generally considered to have 
low volatility, atmospheric transport is recognized as a primary mode of global 
transport in the environment. Eisenreich e ta l  (1981) estimated that atmospheric 
transport o f PCBs has contributed 60-90% of the PCB input into the Great Lakes. 
Particulate transport is also a significant transport medium for PCBs. In general, there 
is a positive correlation between the level of PCB chlorination and the tendency to 
adsorb to the organic content in sediments and soils (Erickson, 1997). Therefore, 
particulate transport is the primary form of PCB movement in aquatic environments, 
and sediments are the primary sinks for PCBs in these environments. Zabik (1983) 
determined that photolysis can also be a significant degradation process for PCBs in the 
environment. Photodegradation is greatly enhanced for lower chlorinated congeners in 
the vapor phase. Dilling et al. (1983) reported atmospheric degradative half-lives for 
monochlorinated homologs to range from 0.62 to 1.4 days while that of 
pentachlorinated homologs was reported to be as high as 67 days. Although most PCB 
congeners have very low vapor pressure and solubility (Erickson, 1997), volatilization 
and dispersion are the primary physical-transport processes that can also lead to 
pronounced removal of certain PCB congeners. The lower chlorinated species are more 
selectively transported via these mechanisms, resulting in an apparent enrichment o f the 
higher chlorinated homologs, relative to the original source. Aroclors with a higher 
proportion of lower chlorinated homologs (e.g. Aroclors 1016 and 1242) are most
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susceptible to alteration via physical transport processes. However, studies by 
Chiarenzalli (1996, 1997) indicate that “heavier” Aroclors can also undergo significant 
changes due to volatilization. Chiarenzalli utilized volatilization experiments involving 
contaminated sediments and found up to a 62% loss of Aroclor 1242 mass to the vapor 
phase. It is also interesting to note that those studies also showed that soils and 
sediments that have intermittent wet and dry episodes showed statistically more PCB 
loss to the vapor phase than purely dry media. However, adsorption coefficients are 
dependent upon the organic content of the particles (Koc), and the author did not note 
whether these effects were considered. PCBs may also degrade thermally during use to 
form polychlorinated dibenzofurans (PCDFs) (Buser, 1978; Swanson, 1985). These 
PCDFs are more resistant to degradation than their PCB precursors and are therefore 
also potentially useful for forensics investigations.
3.3.1 PCB Biotransformation and Degradation
The most significant transformation processes for PCBs in the environment are 
biogenically mediated via microbial degradation. Reductive dechlorination is the 
primary metabolic pathway in which chlorine removal and substitution with hydrogen 
by bacteria result in a reduced organic compound with fewer chlorines. The rate and 
extent of degradation is dependent upon the concentration of the PCBs present, the 
degree of chlorination, and the position of the chlorine on the biphenyl molecule. 
Bednard (2006b) proposed several dechlorination pathways by comparing the net 
concentrations of parent, intermediate, and end-product congeners from Aroclor 1260 
in sediment-free cultures. That research was the first to identify specific cultures that 
are responsible for the anaerobic degradation of a wide variety of PCB congeners. In
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addition, enrichment studies indicated a positive correlation with degradation, since 
raising the concentration of PCBs 10- to 100-fold increased the rate of dechlorination, 
eliminated lag time, and greatly improved the reproducibility of the cultured transfers. 
This indicates that the microorganisms likely use the PCBs as the primary terminal 
electron acceptors for halorespiration. The rate and extent of biogenic degradation 
decrease with increasing chlorination o f the PCB molecule. Moolenaar (1983) found 
that the half-life for the microbial degradation of pentachlorinated homologs was almost 
three orders o f magnitude longer than that of tetrachlorinated homologs. Microbial 
degradation is also dependent upon ambient environmental conditions. Under anoxic 
conditions, the PCBs act as the terminal electron acceptor as microorganisms generate 
energy for growth by coupling the oxidation of sediment organic matter. The 
microorganisms responsible for reductive dechlorination are strict, facultative 
anaerobes, and oxygen concentrations greater than or equal to 0.5 ppm has been shown 
to inhibit the process (VanBriesen et al., 2004). Anaerobic PCB dechlorination requires 
a low redox potential and will also be inhibited by the presence o f other more 
energetically favorable electron acceptors (e.g. NOs2', S 0 42‘) (Evans, 1996 and Alder, 
1993). Chang et al. (1983) concluded that sulfate-reducing bacteria, methanogens, and 
eubacteria are involved in dechlorination processes and play significant roles in PCB 
congener degradation. That study also revealed that during anaerobic dechlorination, 
the high-to-low dechlorination order was methanogenic conditions > sulfate-reducing 
conditions > nitrate-reducing conditions. Congeners containing meta- and para- 
substituted chlorines degrade to form more di-, tri-, and tetrachlorobiphenyls, which are 
generally less toxic and more prone to aerobic degradation (Tiedje, 1993; Quensen, 
1998). The mineralization of lightly chlorinated PCBs through oxidation has been
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found to occur under aerobic conditions (Abramowicz, 1996; Furukawa, 1992 & 1994; 
VanBriesen, 2004). Sequential degradation processes result in a gradual enrichment of 
the relative contributions of ortho-substituted congeners (Quensen, 1997), which 
further suggests that these congeners may be useful in forensic investigations. As 
previously mentioned, the non-ortho chlorinated congeners are those that exhibit the 
highest carcinogenic properties. However, non-ortho-substituted congeners are more 
easily reduced than other congeners. Therefore, releases that are relatively fresh 
and/or where quiescent zones have resulted in pooled lenses that are isolated from 
combined weathering processes are ultimately those with the highest potential for 
toxicological effects and with the highest correlation fingerprint with the originating 
source. PCBs do not necessarily weather based only on predictable factors such as 
solubility, volatility, or molecular weight. Although all of the Aroclor congeners appear 
to be susceptible to microbial degradation, the predominance of the ortho-substituted 
congeners in weathered environments is reflective of their resistance to oxidation due to 
the steric interferences caused by the close proximity of the chlorines at these positions 
(Furukawa, 1978). Following dechlorination to more lightly chlorinated congeners, 
aerobic growth conditions can allow for complete mineralization. During aerobic 
processes, oxygen plays two roles. One function involves molecular oxygen as a 
substrate for the enzyme (dioxygenase) that attacks the PCB aromatic rings, forming a 





Figure 3.2. Degradation Processes of Four Parent PCB Congeners. (Partially from
Bednard, 1996)
The second function is oxygen as the terminal electron acceptor for aerobic respiration. 
The dependence of these two processes on the concentration o f dissolved oxygen is 
typically quite different, with the dioxygenases requiring a much higher threshold
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concentration of oxygen than the respiratory enzymes (VanBriesen et al., 2004). Many 
researchers have suggested that it is a consortium of both aerobic and anaerobic 
processes that are required for the complete mineralization of PCBs (Abramowicz, 1996; 
Evans, 1996). Figure 3.1 provides an example molecular schematic o f the proposed 
reaction pathways for PCB degradation of several congeners into several daughter 
products under both aerobic and anaerobic processes. Bioaccumulation of PCBs 
through trophic transfer has also been documented (Custer, 2003). However, as 
previously mentioned, certain congeners are preferentially metabolized as they are 
passed from one trophic level to the next. The ability to use statistical evaluations of 
congener pairs or clusters that are bioaccumulated are therefore increasingly difficult, as 
PCBs are transferred higher in the food web. It is theorized that the evaluation of 
carbon and chlorine signatures will provide further evidence of the presence of other 
anthropogenic sources of PCBs.
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4: PCB CONGENER FINGERPRINTING APPROACH
Evaluation of specific congener fingerprint patterns is an essential step in being able 
to perform source apportionment of PCBs. The ability to separate the contribution of 
PCBs from different sources is vital in determining potential clean-up liability and the 
efficacy of long-term remediation goals for PCB removal actions. Although previous 
research has identified congeners that are typically the most resistant to environmental 
weathering processes and therefore most useful for forensic markers, the type and 
degree of weathering is dependent upon site-specific conditions. These factors include 
available terminal electron acceptors (e.g. dissolved oxygen and nitrate), pH, oxidation- 
reduction potential (OR-P), total organic carbon (TOC), the physical and hydrological 
nature of the site which increases physical weathering and dispersion, and the natural 
presence o f diverse microbial populations responsible for biogenic degradation.
The initial step in this research was to first characterize the original PCB source 
mixture by separating and quantifying the specific congeners present in the source and 
comparing the relative congener concentration distributions to those in down-gradient 
locations and biological fish tissues taken in the receiving waterbody. Congener 
signatures in sediments and biological media that differ from known releases could be 
the result o f commingling with other sources and/or weathering processes. The 
relative congener distributions provide a fingerprint that is then used as a diagnostic 
tool to evaluate the effects o f weathering and to isolate those congeners that are most 
conservative in the environment (i.e. that are most resistant to weathering). A 
subsequent determination of potential conservative relationships between pairs or 
groups of congeners in samples that support their use as effective forensic markers can 
then be performed, using various statistical tools. The measurements of various
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environmental conditions that can contribute to weathering processes are also valuable 
as predictive tools and can also be evaluated at each respective sediment sample 
location. The relative concentrations of PCB degradation products and pathways are 
also useful forensic lines-of-evidence and have been qualitatively considered in this 
study.
This research follows a phased approach using an increasing level o f analytical 
complexity and subsequent forensic resolution in order to determine if sediment from 
down-gradient locations and if fish in the receiving reservoir are similar to the chemical 
signatures of the proposed PCB source. The phased approach will ensure that the effort 
and the level o f detail needed to evaluate the PCB signatures will be optimized and will 
be commensurate with available resources and variables encountered. The specific 
phases of this research are summarized in the schematic flowchart in Figure 4.1.
1. Phase I involved the optimization of the analytical separation, detection, and 
calibration of all PCB congeners precluded sample analysis. The PCB 
concentrations of concern in environmental media are likely in the low ppb 
levels. Therefore, the analytical system, including the mass spectrometer, 
required optimization for sensitivity. Once the analytical system was optimized 
and calibrated, method development to optimize the extraction and cleanup of 
sediment and tissue samples using current EPA-based methods was performed. 
Acceptance was based upon the successful extraction, clean-up, and analysis of a 
mixed congener reference material with known matrix interferences common to 
sediments and tissue. The final steps in phase I included the subsequent 
sampling and analysis of the soils from the Navy source area and o f the 
sediments immediately down-gradient in the storm water conveyance. Initial 
identification of the potential Aroclor mixture(s) and characterization of the 
congener source signature in subsequent down-gradient locations was a vital 
first step in this forensic study. Sampling and analysis of sediment in subsequent
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locations farther down-gradient from the source, in the receiving reservoir 
system, and in reference locations that represent probable locations of 
anthropogenic PCB inputs, were included. Sediment samples were taken in 
reference locations in the reservoir to establish background contributions. 
Congener profiles in these media were characterized and compared to the Navy 
source fingerprint. Next, several fish species within the Navy source areas and 
the reference locations were collected and analyzed. Comparison of key 
diagnostic congeners that are most resistant to weathering and therefore more 
conservative in sediment and the food-web were identified and utilized for 
statistical evaluation between sediments and fish.
2. Phase II included the refinement and application of the multivariate statistical 
PVA model to estimate the number of potential sources, the profiles of those 
sources, and the estimated contributions of each in fish species. These were 
compared to the qualitative comparisons from phase I, and then initial 
assessments o f source contributions to fish were estimated.
3. In the final phase of the investigation, prioritized sediment and tissue extracts 
were analyzed by congener specific isotope analysis (CSIA) for carbon and 
chlorine on the congeners that were at the highest concentrations in sediment 
and tissue, as well as those that had been previously determined to be relatively 
resistant to weathering and metabolic alterations. The results of the CSIA were 
used to test the results of the statistical similarity index of the congeners that 
were calculated in the earlier steps.
40
Phase I
Optimize the Analytical Methodology
• Chromatographic Separation of Congeners
• Mass Spectrometer Parameters
•  Cleanup o f Matrix Interferences
■ -  =  .1...  ..................................................................................
Analysis of Sediments
•  Characterize Congeners of Navy Source
• Characterize Congeners in Reference Locations
•  Compare and Contrast Fingerprints of Sources
4=
Analysis of Fish Tissue
•  Characterize Congeners in Different Fish Species
•  Reduce Congener List
Phase II
Statistical Analysis
•  Comparison of Congeners in Sediments and Tissues
•  Multivariate Determination of End Members
•  Compare Calculated End Member Distributions to 
Original Source Signature
• Select Key Fish Species that Match End Member 
Profiles for Isotope Confirmation
TPhase III
Compound Specific Isotope Analysis
•  Compare Isotope Signature of Fish and Sources
•  Evaluate if Isotope Data Confirm or Refute Statistical 
Evaluation
Figure 4.1: Flowchart of Forensic Analytical Approach.
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5: SIGNIFICANCE OF RESEARCH
As mentioned previously, PCBs were used in many industrial and commercial 
products, and although their production ceased in the mid 1970’s, they continued to be 
used well into the 1980’s. In addition, their relative ability to remain stable and to 
bioaccumulate in the environment affirms the reason why PCBs continue to be 
investigated and found in environmental media and biota today, many years after they 
were last used. In 2004, the Virginia Department of Health (VDH) expanded the 
number of fish consumption advisories in the Commonwealth from 12 to 37, which 
increased the total river miles subject to fish consumption advisories due to PCBs from 
approximately 973 miles to 1811 miles (VA DEQ, 2004). Contaminant source 
investigations for PCBs are particularly useful in receiving water bodies, since low 
levels of PCBs can be transported via air vapor and particulates as well as runoff from 
nearby industrial and urban sources. Over time, low levels o f PCBs can partition onto 
sediment particles which can then settle and accumulate. Therefore, sediments 
represent a significant sink for low-level PCBs from numerous sources outside of the 
immediate watershed. The results of this investigation have the following potential 
uses:
1. Consistent with Navy policy, the results can provide a better understanding of 
the ambient background conditions and sources of PCBs.
2. A determination can be made regarding the potential for further 
recontamination, which is particularly useful when planning for remedial actions 
and the success of natural recovery.
3. The results can provide ancillary data for use in human health and ecological 
risk evaluations, in order to assess the incremental risk from Navy source(s).
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4. There should be the ability to use the information to determine the Navy’s 
ultimate cleanup responsibility, liability reduction, and or cost recovery.
5. The results will provide information which may also be used to determine Total 
Maximum Daily Loading (TMDL’s) for contaminant source loading 
calculations.
6. The results will provide a baseline for the evaluation o f the effectiveness of 
future source control measures.
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6: EXPERIMENTAL TEST METHODS
6.1 Sediment Sampling Equipment and Procedures
Soils were taken from upland drainage areas, and sediments were taken along the 
immediate shore and fringe areas of the reservoir with the objectives of: ( l)  tracking the 
Site 49F source signature and transport pathway and (2) determining the presence of 
other sources and their respective congener signatures in spatially removed areas 
(reference locations). Because PCBs exhibit low water solubility, strongly adsorb to 
organics, and preferentially partition to soil and sediment, physical transport of 
contaminated soil and sediment particulates is the primary mechanism by which PCBs 
released from Site 49F could have migrated from Site 49F and other anthropogenic 
sources. The Phase II Site 49F sampling initiated at the pool source and along the 
preferential pathways into sediments o f the Waller Mill Reservoir. The upstream end 
of the tributary appears to function as a stormwater drainage swale with no standing 
water under dry conditions. It then transitions to standing and then flowing water 
discharging into the reservoir. The far upstream location initiates transport through 
tributary C at depositional area 1 immediately downstream of Rochambeau Drive 
(Figure 6.1). Tributary C is a natural ditch that is deeply eroded and sandy, with very 
few depositional areas. Tributary C terminates at depositional area 2 (see Figure 6.1, 
6.2, and 6.3) where standing water predominates and the tributary becomes 
progressively deeper and wider.
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Figure 6.1: Sampling Locations in Site 49F Conveyance, Tributary C, and Drainage 
Areas.
A total of 63 surface and subsurface soil and sediment samples were taken from Site 
49F, down tributary C and the adjoining inlets (A, B, D). The samples from inlets A, B, 
and D were taken to determine if there were any other potential sources other than Site 
49F contributing to PCBs through this main tributary. Further down-gradient samples 
were also taken in preferential pathway areas 1, 2, 3 and 4 (see Figure 6.4). The 
greatest thicknesses of soft, organic-rich sediment in the reservoir were measured at the 
head of the tributary C (sub-watershed 29 inlet), in the southeast corner of the upper 
reservoir, and southwest of the concrete box culvert in the lower reservoir. These areas 
all had three feet or more of soft sediment. The soft sediment at other probed locations 
was generally 1 to 2 feet in the upper reservoir and 1.5 to 2.5 feet in the lower reservoir. 
The sediment type at all locations was typically silty clay with some sand and abundant
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organic material (leaves and roots). Sand layers approximately 2 inches thick were 
observed at the stations closest to sub-watershed 29. No sediment was observed in the 
concrete conveyance under the interstate or in the concrete box culvert of the reservoir. 
Samples were also taken in three potential reference areas (reference locations 5, 6, and 
7) to investigate the presence of other PCB inputs into the reservoir (see Figure 2.1) In 
these areas, transects, consisting of 3 samples each, were taken across the inlets in 
locations that were spatially removed from Site 49F. Reference area 5 (sub-watershed 
16) is to the north and on the opposite side of the reservoir from Site 49F, while 
reference areas 6 and 7 (sub-watershed 25) are in locations far downstream in the lowest 
part of the reservoir. Samples were taken with a stainless steel trowel as surface 
sediments (0-6") and subsurface (6-18”). A total o f 2-5 kg of sample from each depth 
segment were placed into a stainless steel bowl and thoroughly mixed prior to sub­
sampling and placement into a virgin 1-L glass jar with a Teflon-lined lid. 
Decontamination of the bowls and trowels between samples involved scrubbing with a 
brush and Alconox™ solution, followed by rinsing with water, and then finally rinsing 
with deionized (DI) water.
Figure 6.2: Depositional Area 2 Looking Down-gradient.
Figure 6.3: Preferential Pathway 1 Looking Up-gradient Toward Depositional Area 2.
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Figure 6.4: Sampling Locations in Preferential Pathway Areas 1,2,3, and 4.
Periodic (10%) decontamination blanks were collected between samplings to evaluate 
the potential for cross contamination from the sampling equipment. Decontamination 
blanks were intentionally performed after samples taken closer to source areas and in 
depositional areas with high organic carbon content, to represent potential “worst-case” 
cross-contamination scenarios. Sediment samples in the reservoir proper were taken as 
cores using 3”-diameter Lexan™ tubes. A special adapter containing a one-way flapper 
valve was fabricated and placed on the top of each tube that allowed air to escape from
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the top during insertion while leaving a vacuum on the top such that the contents of the 
core would not escape during extraction. After recording the water depth at each 
location, the tube was pushed into the sediment, either by hand or using a pipe driver, 
until refusal was met. The depth of each sediment core was measured by marking the 
sediment water interface on the tube and by measuring the total core depth. The Lexan 
tube was then labeled and gently set upright to avoid unnecessary agitation.
P h o to g ra p h  o f  C P  O ffsite  4 9 F  (W alter Mill) -  P P 4 -S D 0 1  
Figure 6.5: Sediment Core Taken at Preferential Pathway Area 4.
The sections were cut with a saw and extruded. The respective surface and subsurface 
composites were mixed in separate stainless steel bowls and sub-sampled into large 
plastic bags. Coordinates of all sampling locations were recorded via a Global Position 
Satellite (GPS) system.
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6.2 Fish Sampling Equipment and Procedures
Six types of fish tissue samples were collected in Waller Mill Reservoir, with 
assistance from Virginia Department of Game and Inland Fisheries (VDGIF) personnel. 
The fish sampling was coordinated with VDGIF, as it was part of their routine fish 
counting program. Bluegill, carp, white catfish, gizzard shad, striped bass, and small 
size-class fish (bluegill and redear from 5 to 10 cm in length) were captured using a 
combination of gill nets, hoop nets, and electroshock fishing techniques. Bluegill 
samples include multiple species of related panfish, species that occupy similar feeding 
and life histories which equates to similar exposure characteristics. White catfish, 
striped bass, carp, and gizzard shad were caught reservoir wide, using gill and hoop 
nets. All fish tissue samples were field logged (including sampling method, weight, 
length, and location, date and time of sample collection), wrapped in aluminum foil, and 
packed on ice for shipment to the laboratory where they were stored frozen until 
preparation and analysis. A table listing the fish samples collected and their locations is 
provided in the Appendix (Table H.l).
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Figure 6.6: Striped Bass Collected by Gill Net near Reference Area 6.
6.3 Analytical Equipment, Reagents, and Standards
Note: The PCB congener extraction and quantitation procedures closely follow 
EPA methods 1668C (Chlorinated Biphenyl Congeners in Water, Soil, Sediment, 
Biosolids, and Tissue by HRGC/HRMS, April 2010), and EPA Method 680 
(Determination of Pesticides and PCBs in Water and Soil/Sediment by GC/M S, 
November 1985). However, portions o f both procedures were highly modified and 
optimized, in order to meet the objectives of the research and to considerthe limitations 
of the analytical instrumentation.
6.3.1 Preparation of Reagents
GPC Calibration Stock Solution: 0 .0314g Aroclor neat standard (McCrone Associates, 
Inc. Lot 7170-15), 3g standard vegetable oil, and 0.0603g Dimethyl Phthalate (Fisher 
Scientific Lot 862253) diluted to 10 mL in methylene chloride (Fisher Scientific Optima 
Grade Lot 093523).
Florisil: (MgSiOs) Spectrum Chemical, Lot FK083, 60-100 mesh, Baked at 4000C.
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Potassium Silicate: 57g KOH (Fisher Lot 884445) mixed with 300 mL methanol 
(Fisher Scientific Lot 043554). Then added 100.5 g activated silica gel (100-200 mesh 
Fisher Lot 942007) and stirred for 2.5 hours. Decanted liquid, rinsed solids with 
methanol (Fisher Scientific Lot 043554) and methylene chloride (Fisher Scientific 
Optima Grade Lot 093523 , dried in oven at 100 degrees C for 1-2 hours and stored in 
dessicator until use.
Acidic Silica Gel: 44g concentrated H2SO4 (Spectrum Lot QX0584) was slowly added 
to lOOg activated silica gel (100-200 mesh Fisher Lot 942007) with constant 
swirling/m ixing in a 250 mL glass bottle with screw-type, teflon-lined cap.
Activated Silica Gel: Activated silica gel -  100-200 mesh, Supelco 1-3651 (or 
equivalent), 100-200 mesh, rinsed with methylene chloride, baked at 180 °C for a 
minimum of one hour, cooled in a desiccator, and stored in a pre-cleaned glass bottle 
with screw-cap.
Solvents used for extraction and sample preparation consisted of methylene chloride 
(Fisher Scientific, GC Resolve catalog number D l54), acetone (Baker, ACS Grade, 
ctalog JT9010) and hexanes (Fisher Scientific, GC Resolve Grade catalog number 
H307, HPLC grade) were used as either virgin stock or double distilled using a 4-L 
distillation system with glass wool-packed columns. During distillation of each solvent, 
the first 50 mL distillation fraction and the remaining fraction (300-500 mL) were not 
utilized. Each distillation lot was evaluated for use by analysis to ensure that no 
congeners were detected above the detection limits. Distilled methylene chloride was 
preserved (1:1000 v /v ) with Amylene.
10% silver nitrate silica (Sigma Aldrich catalog 21334-U)
NIST Standard Reference Material (catalog NIST-1947) PCBs in Lake Michigan Fish
QC Standard Material (Sigma-Aldrich, catalog SQC-068TIS) PCBs in Fish Tissue
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QC Standard PCB Congener Mix for W est Coast Fish Studies (Accustandard part# C- 
WCFS), lot B3030026, 25 ug/m L in isooctane, final spike concentration assuming 
200uL extract volume was 250 ng/mL.
6.3.2 Preparation of Glassware
PCBs are non-polar molecules that are resilient and have a tendency to adsorb to 
glassware. The low nanogram levels of PCB’s being evaluated as part of this study 
along with their “sticky” nature necessitated particular attention to detail concerning 
the cleaning and preparation of glassware. All items were etched with individual serial 
numbers so that every glassware item associated with the extraction, clean-up, and 
concentration of each sample could be recorded. Any glassware associated with samples 
of higher concentration were isolated and pre-cleaned in a separate sink prior to being 
combined with the other glassware for the normal cleaning process. The cleaning 
sequence was performed in a specific order, beginning with the items with the least 
contact time with concentrated extract or raw samples (less contaminated glassware) 
and ending with those items of highest contamination potential. The sequence for all 
glassware, including vials, bottles, soxhlet-related items, solid phase extraction (SPE) 
columns, kaderna-danish (KD) glassware, condensation columns, and concentrator 
tubes involved washing in triton-x™ laboratory detergent, rinsing in hot water, and 
then rinsing with DI water. The items were then rinsed with methylene chloride 
followed by acetone. The KD concentrator tubes were given an additional level of 
cleaning through sonication in methylene chloride for 10 minutes, and then all 
glassware was dried overnight in a furnace at 220 degrees Fahrenheit. After drying, the 
KD concentrator tubes, SPE columns, and soxhlet flasks were then flamed with a
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propane torch to a dull red glow. After cooling, all glassware was wrapped in aluminum 
foil and stored in a dessicator until use.
Experimental Note 1. It was discovered early in the research that additional 
attention must be given to the KD concentrator tubes. Significant loss in recovery of 
certain congeners at the trace level occurred, and the effect seemed to increase with the 
age of the tubes. The movement of the Teflon™ boiling chips in the bottom of the 
tubes during ebullition created scoring of the inside of the tubes. This is reasonable , 
considering that the bottom of the tubes became cloudy and some even darkened with 
extended use. It was theorized that these scratches within the inside of the concentrator 
tubes became active sites where the chlorine moieties of some congeners would 
irreversibly bind, leading to loss of recoveries. An investigation to confirm this theory 
was performed by spiking a series of concentrator tubes containing 5 mis of methylene 
chloride with 100 ng o f the same congeners and performing typical solvent reduction 
and exchange into hexane to a final volume of 200 uls. Four o f the concentrator tubes 
were older well-used tubes, and the other four tubes were virgin glassware. A statistical 
comparison of the mean recoveries of each congener was performed. Of the 32 
congeners evaluated, 27 were found to result in statistically higher mean recoveries 
(p<0.005) using the virgin glassware relative to the older concentrator tubes. In order 
to correct for this bias, each concentrator tube was treated to a silanization process after 
every five extractions. Silanization consisted of a derivitization of the polar silica 
hydroxyl groups with a non-adsorptive silicone layer. The deactivation consisted o f the 
following process: the concentrator tubes were cleaned and dried, and then were 
treated with a 5% solution of dimethyldichlorosilane (DMDCS) in toluene for 1 hour. 
The derivitization agent was then decanted off,and the tube was then triple-rinsed in
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methanol and dried at 100 degrees C. Recoveries of 30 of the 32 congeners using the 
silanized glassware were then found to be statistically the same, relative to virgin 
glassware.
6.3.3 Standards
PCB Congener Calibration Standards: PCB Congener standards were purchased from 
Accustandard™ in the form of nine (9) separate mixes (part numbers C-CS-01 through 
C-CS-09). Each mix contained congeners of multiple isomers at 10 ug/m L each in 
isooctane. The mixes of each are specifically formulated so that typical co-eluting 
congeners are in separate mixes. Each mix was used to create six working standards 
used for calibration at 50, 100, 200, 300, 400, and 500 ng/m L in hexane.
Internal Standard: The PCB congener internal standard stock was purchased from 
Cambridge Isotope Laboratories, Inc. (catalog number EC-4979) and consisted of six 
labeled (1SC) PCB congeners (PCB 9,52,101,138, and 194) at approximately 5000 
ng/m L in n-Nonane. Final working concentration in each calibration and target sample 
was approximately 125 ng/mL.
Surrogates: Surrogates are method-check samples that are added to each sample prior to 
extraction and analysis. There were a total of six surrogates utilized. There were three 
different surrogate stock solutions used. The concentrations of each surrogate making 
up the calibration standards can be found in the calibration Table 6.1. The final 
concentration of each surrogate compound added to each sample, assuming a final 
extract volume of 200 uL, ranged from 45 to 188 ng/mL.
M-680-IS (Accustandard) containing phenanthrene-dlO and chrysene-dl2 at 75 ug/m L  
in hexane:toluene.
EC-4978 (Cambridge Isotopes) containing 13C labeled PCB congeners 28, 111, and 178 
at approximately 1 ug/m L in nonane.
M-625-06 (Accustandard) containing 200 ug/m L 4,4’- 
Dibromooctafluorobiphenyl(DBOF) in methylene chloride.
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Note: 1,2,3,4,5,6,7,8-octachloronaphthalene (OCN) was also initially included as a 
surrogate (#7). However, it was realized later that the stock solution was in methanol 
and had limited solubility in the non-polar calibration stocks. This led to a very poor 
calibration curve for this compound and to poor recoveries in samples. Therefore, 
although this compound was included in the calibration solutions and the surrogate 
fortification stock, it was omitted as a useful surrogate and was not considered when 
evaluating surrogate performance in samples.
Spiking Standard: A 1 m g/m L Aroclor 1260 standard solution C-260S-H-10X 
(Accustandard) was utilized as the matrix spike solution. Lot B8080352. 2.5 uL spike to 
final extract volume of lmL is approximately 275 NG final concentration of congener 
180. This standard was used for spiking to estimate extraction efficiencies, for 
evaluation o f GPC cleanup efficiencies, and for the isotope fractionation evaluation. 
Using 2.5 uL of the stock, the final spike concentrations o f congeners were pre­
calculated, assuming a final extract volume o f 200 uL along with the known weight 
percent of congeners in Aroclor 1260 (Frame, et.al.) (see Appendix Table Al).
6.4 Preparation and Extraction 
6.4.1 Preparation of Sediments
The entire contents of each sediment sample were removed from the sample bottle 
and were placed into pre-cleaned stainless steel bowls, using a disposable plastic spatula. 
Items such as rocks, vegetation, and other larger inorganic material were removed by 
hand and the sample was then homogenized thoroughly using a Teflon™ spatula. 
Separate aliquots were removed for percent moisture and total organic carbon (TOC) 
determination. Finally, a 15-25 gram aliquot of homogenized sediment wras then 
removed, and was weighed directly on a piece of aluminum foil and was then mixed
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thoroughly 1:1 with drying agent. The sample and drying agent was spread evenly on 
the foil and allowed to dry overnight in a fume hood.
Experimental Note 2: Several drying agents (as added to sediments and tissue prior to 
extraction) were evaluated during this study. Sodium sulfate (Spectrum S i4-50, Lot 
LU0354) was deemed to be inappropriate because the matrix became a hardened solid 
after mixing with the sediment and prevented efficient loading into the extraction 
thimble and resulted in poor extraction efficiencies. Celite™ 503 (Spectrum Cl 153, Lot 
PS0101) was also evaluated. This diatomaceous earth drying agent was also deemed 
unusable because the extraction blanks revealed common ion interferences to key 
congener quantification ions. Ultimately, Hydromatrix™ (Varian 198003, Lot 
CE125601) was the drying agent utilized for both the sediment and tissue extractions, 
since this product showed excellent drying properties and the extraction blanks showed 
no appreciable interferences.
6.4.2 Preparation of Fish Tissue
Smaller species of fish were prepared whole-body. Composited fish of the same 
family and approximate size were pureed in a pre-cleaned stainless blender to produce a 
slurry. The pureed sample was then separated into three aliquots for percent moisture, 
lipid determination, and PCB extractions. PCB analysis of larger fish was performed by 
the extraction and analysis o f fillets. For the larger fish, the scales were first removed 
using a disposable plastic spatula. After scaling, 40-80 grams of fillet tissue was 
removed using a virgin razor blade starting just behind the pectoral fin extending 
laterally with preference for belly fillet. Skin and fatty tissue were included in each
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sample. Tissue samples were thoroughly eviscerated in-situ using the razor blade and 
were then split into three separate aliquots; each was placed into a pre-weighed, 
aluminum boat for percent moisture, lipid determination, and PCB extractions. Tissue 
aliquots for PCB analysis were mixed approximately 1:1 with drying agent and were 
allowed to air-dry overnight in a fume hood. After drying, the entire tissue/drying 
agent mixture was transferred from the aluminum foil boat into a pre-cleaned, stainless 
steel blender. Quantitative transfer was insured by reweighing the aluminum boat after 
sample transfer. The dried mixture was then thoroughly pulverized and the entire 
contents were transferred for extraction.
6.4.3 Sediment Extraction Using Accelerated Solvent Extraction (ASE)
During the initial phase of sediment extractions, a Dionex™ model 200 Automated 
Solvent Extractor (ASE) was utilized. The ASE is fully automated, allowing the user to 
load up to 24 samples. The ASE utilizes the advantage of increased temperature and 
pressure under static conditions to increase extraction kinetics. The size of the stainless 
steel extraction vessel was limited to 33 mLs and the target sample size for sediment 
extractions was 30-40 grams. Because the sediments must also be mixed with drying 
agent prior to extraction, each sediment sample was split between two extraction 
vessels and the extracts were later combined. After overnight drying, the pulverized 
sample and the drying agent were mixed thoroughly with a Teflon spatula and were 
loaded into a pre-cleaned, 33 ml extraction thimble (Dionex part number 049562) which 
had been prepared with an end-cap followed by a (10 micron) glass fiber filter. After 
loading, the cell was gently tapped on the counter top to slightly compact the sample, 
and then the remaining head volume of the extraction cell was filled with Hydromatrix.
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Surrogates were added directly to the sample by introduction via a gas tight syringe.
An additional glass filter was added to the top of the cell prior to screwing on the end 
cap, and the extraction thimble was placed into the ASE for extraction. Samples were 
extracted twice using 1:1 methylene chloride (Spectrum GCSolv™ Lot SO0082) and 
acetone (J.T.Baker Photrex™ 9010-03, Lot J20B07) via the following ASE parameters: 
static for five minutes at 100°C and 1700 PSI, followed by an 18 mL solvent flush (30% 
of collection vial volume) and a 30 second purge with nitrogen. The extract was 
collected into virgin, 60-mL VO A vials. The approximate final volume o f the extract 
was recorded by comparing it to a pre-marked vial. The extracts were then ready for 
clean-up, using solid phase extraction. Only select results for sediment samples 
extracted via the ASE were used for the final forensic evaluations, due to observed 
carry-over contamination problems initially observed in the batch extraction blanks. 
Extraction blanks were elevated for certain batches where sediments with higher PCB 
concentrations had been extracted in previous batches. Several method modifications 
were implemented in an effort to negate the carry-over, including prolonged purge and 
rinse times between samples and the inclusion of blank extraction vessels and collection 
vials between vessels. Although these steps did reduce the contamination, several 
batches of data were excluded from further forensic study because the concentration 
levels of certain congeners present in the extraction blanks was too high. It is theorized 
that the carry-over was from contaminated sample lines within the instrument. The 
ASE was not utilized for tissue extractions.
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6.4.4 Soxhlet Solvent Extraction of Fish Tissue and Sediments
A 50-mm ID Soxhlet apparatus was assembled using pre-cleaned glassware. A 
33x80 mm Advantec™ thimble (lot #00219831) was placed into the 500 mL Soxhlet 
extraction body and was connected to a 500-mL round bottom flask containing three 
pre-cleaned, Teflon boiling chips. A condenser was inserted onto the top of the 
extractor body. The condenser inlet and outlet coolant fittings were connected to a 
closed-system, recirculation chiller (Neslab CFT-33) set at 13 degrees C. The 
completed assembly was placed into a heating mantle (Glascol TM106) controlled by a 
110-volt variable transformer (Glascol PL312). The assembled soxhlet apparatus was 
charged with approximately 175 mL of methylene chloride and pre-extracted for 1-3 
hours under a gentle reflux. The pre-extraction solvent was then drained from the 
soxhlet apparatus prior to sample extraction. The dried tissue or sediment and the 
hydromatrix aliquots were then quantitatively transferred to the soxhlet extraction 
thimble housed in the extractor body. Surrogates were injected (10 uL o f surrogate 
working stock) directly onto the dried sample after transfer into the extraction thimble. 
For tissues, the blender was rinsed with 3 x 25 mL of methylene chloride and each 
portion was added to the thimble prior to inserting the condenser body. An additional 
100 mL of fresh methylene chloride solvent was added to the assembly and the samples 
were extracted for 18-24 hours under a gentle reflux (2-3 drops from the condenser 
every 5 seconds). After extraction, the apparatus was allowed to cool, and the 
condenser, thimble, and extraction body was rinsed with several portions of methylene 
chloride using a dedicated Teflon squirt bottle. Each rinse was added to the extract in 
the round bottom extraction flask. Each extract was then transferred to a Kuderna- 
Danish (KD) concentrator assembly (Supelco) consisting of a 10 mL graduated
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concentrator tube containing a pre-cleaned Teflon boiling chip, 500 mL KD solvent 
body, and 3-ball Snyder condenser drying column. The assembly was then placed into 
heating block (Supelco Steditherm™ 64814). The Snyder column was pre-wet from the 
top with methylene chloride. Temperature was then applied until the methylene 
chloride began to gently boil, allowing the balls o f the Snyder column to actively 
chatter but not allowing the chambers to flood with solvent. When the liquid reached 
an apparent volume of 1-SmL, the distillation was stopped and the glassware was 
allowed to cool. The Snyder column, KD flask, and its lower joint were rinsed down 
with methylene chloride using a squirt bottle allowing the solvent to collect into the 
concentrator tube to a final volume of 10 mL. The tissue extracts were then ready for 
cleanup, using Gel Permeation Chromatography (GPC). Sediment extracts were 
reduced to 1 mL directly in the concentrator tubes using UHP Nitrogen gas (National 
Welders) via a Zymark Turbovap™ LV with the water bath temperature set at 32 
degrees °C.
Experimental Note 3: Initial spiking studies were performed in order to assess the 
effects of each step of the sample extraction, clean-up, and sample preparation 
procedures on the recoveries o f the PCB congeners. There was a noted loss of some of 
the lower chlorinated congeners that occurred during the solvent reduction using the 
nitrogen blow-down step. The lower chlorinated congeners are more volatile, and early 
spiking studies indicated that both the temperature o f the water bath and the impinging 
rate of the nitrogen gas contributed to the losses. Optimum temperatures for the 
turbovap water bath were found to be 32°C for methylene chloride and 45°C for hexane. 
The flow of nitrogen was adjusted such that the surface of the solvent was just visibly 
disturbed without an excessive vortex. This greatly increased the time for volume
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reduction (especially for the hexane extracts) but created an improved recovery of the 
lower chlorinated PCBs.
6.5 Cleanup and Preparation of Extracts
6.5.1 Cleanup of Tissue Extracts Using Gel Permeation Chromatography (GPC)
Gel Permeation Chromatography is also known as Size Exclusion Chromatography 
(SEC) and separates compounds based upon their molecular size. Mobile phase 
(methylene chloride) carries the extract compounds through a dense resin, where 
smaller compounds are more readily retained as they travel through the smaller pores of 
the gel and larger molecules are more easily eluted. GPC was mainly utilized here to 
eliminate the co-extracted lipids from the target compounds. Initial calibration was 
performed using an Ultraviolet (UV) detector in order to establish the specific elution 
order of the target and interfering compounds. An in-stream switching valve is 
activated to allow collection o f the congeners as they are eluted, while diverting co­
extracted interfering compounds to waste. The GPC system (ABC Industries) included 
a 5-mL injection loop, a 30 x 1.5 inch glass chromatography column with glass-frit end 
caps, packed with 70g of SX3 Envirobeads™ (200-400 mesh Lot 49987c) connected to 
an AS2000 solvent delivery system. After exiting the column, the methylene chloride 
mobile phase traveled (4 ml/min) through a multi-port valve and into the ABC 
autovap™ module containing a detector cell that was connected to a UV detector (254 
nm, 0.2 aufs, 1 second rise time) and a strip chart recorder (20 mv input signal range, 30 
cm /hr chart speed). The GPC column was packed by first allowing the SX-3 Bio-beads 
to swell overnight in a 500 mL glass beaker in methylene chloride. The slurry was then 
poured into the top o f the column, allowing the resin to settle. The top end cap was
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then screwed on and the solvent pump was set to flow methylene chloride through the 
column for a minimum of two hours at a rate o f 4 m l/m in with a head pressure o f 9 psig. 
The GPC was first calibrated by loading l mL of the GPC calibration stock and diluting 
it to a 10 mL final volume in methylene chloride into the first extract tube. The GPC 
working standard contained 25.1 m g/m L corn oil, 0.4985 m g/m L bis(2-ethylhexyl) 
phthalate, 0.100 m g/m L methoxychlor, 0.020 m g/m L perylene, 0.080 m g/m L sulfur, 
and 31.4 m g/m L Aroclor 1260. The GPC system used pneumatic pressure to load 5 
mLs of the extract into the sample loop which was then injected onto the column and 
elution by methylene chloride at approximately 4.5 mL/min. The UV responses were 
used to establish the dump (waste) and collect times (Figure 6.7). The GPC calibration 
was performed prior to each analytical batch, as column and environmental conditions 
can change the elution times slightly. All tissue extracts were first filtered using 13mm 
disposable Acrodisc™ (Gelman Sciences, 13CR PTFE 0.45 um) attached to a 25 mL gas 
tight syringe. After GPC cleanup, each collected fraction (35-40 mLs in methylene 
chloride) was collected in the same K-D/collection tube that was used after the soxhlet 
extractions. The GPS extracts were then reduced to 1-3 mLs using the K-D and 
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Figure 6.7: Graph of GPC Calibration
6.5.2 Solid Phase Extraction
All fish tissues pre-cleaned with GPC and all sediment extracts were cleaned of
polar moieties using an anthropogenic isolation column (AIC). The AIC consists of a
pre-cleaned 300-mm long x 22-mm ID glass column with 250 mL reservoir and
fluoropolymer stopcock connected to a side-necked vacuum port. The column was
packed from bottom to top with the following:
small plug of deactivated glass wool 
2 g potassium silicate 
8 g acid silica gel 
2 g  silver nitrate
2 g  granular anhydrous sodium sulfate
The Anthropogenic Isolation Column (AIC) was packed after the addition of each 
fraction by gently tapping its side with a spatula. After packing, the column was then
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pre-eluted with 50 mL of methylene chloride. The methylene chloride was then drained 
to the top of the column with care, so as not to allow exposure of the sodium sulfate.
The GPC or sediment extract was then removed from the KD concentrator tube to the 
top of the clean-up column using a glass pipette. The concentrator tube was rinsed with 
3x 1-mL portions of methylene chloride with each rinsate also added to the top of the 
column. The KD flask and concentrator tube was then attached to the bottom of the 
cleanup column. The extract was then allowed to gravity flow through the cleanup 
column and eluted with 25 mL of methylene chloride followed by 125 mL of hexane into 
the original concentrator tube and flask apparatus. A gentle vacuum was then pulled 
onto the column, in order to ensure complete elution of all solvent into the KD 
apparatus.
6.6 Sample Analysis
6.6.1 Determination of Moisture Content.
An initial aliquot of pre-homogenized sample (30-50 grams sediments and 10-20 
grams for tissues) was spread evenly upon a large piece of pre-weighed aluminum foil 
for percent moisture determination. The foil and sample was then weighed prior to 
placing it in a small oven held at 100° C. The dry weight o f the sample was then 
measured after drying the sample to constant weight (± 0.5%) and allowing the dried 
sample and foil to cool in a dessicator. Drying time was typically 12-24 hours.
6.6.2 Determination o f Lipid Content.
The lipid content of each tissue sample was determined gravimetrically. After 
extraction, following the same solvent extraction procedures in 6.4.4, the extract was
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quantitatively transferred to the KD, macro-concentration device and was concentrated 
to near dryness into a pre-cleaned and pre-weighed concentrator tube. The remainder 
of the solvent was then completely removed using the nitrogen blow-down evaporation 
procedure also described above. The final weight of the concentrator tube and extracted 
residue was recorded. The residue was then re-constituted in 10-mLhexane and was 
transferred to the solvent reduction apparatus. The solvent was then completely 
removed following the KD/nitrogen blow-down procedures, and the concentrator tube 
and residual weighed to constant weight. The lipid content was then calculated to the 
nearest three significant figures as follows:
n, constant weight of residue (g) . .% l i p id  = --------- ■ u f-■-----------   xlOO (3)r weight of tissue (g) ' 7
6.6.3 PCB Determination by Gas Chromatography and Mass Spectrometry
Chromatographic separation of the congeners was performed on a Hewlett Packard 
5890 series II gas chromatograph (GC) with electronic pressure control (EPC) and 7673 
autosampler/injector. The GC column (J&W Scientific DB-XLB part# 122-1262 60m 
x 0.250mm x 0.25um) was coupled to a splitless injector utilizing a 4mm Restek Siltek® 
liner (part# 20799-214.5). The GC was coupled to a Hewlett Packard 5971 mass 
selective detector (MSD) operated in Single Ion Monitoring (SIM) for congener 
quantification. The optimal sensitivity, separation, and quantification of the congeners 
in this method required separate optimization of each part of the system. The primary 
criteria targeted during optimization was resolution of the key congeners typically 
found in the highest relative concentrations in typical Aroclor formulations and those 
that are known to be recalcitrant and bioconcentrated in fish tissue. Parameters that
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were evaluated and optimized for this research included: type of injector inserts, GC
temperature program settings, carrier gas flow, pressure, and purge settings, MS
operating and tuning parameters, and the selection of ions and ion groups. The details
of the optimization steps are not provided here, but a summary of the final GC-MS
system operating parameters are provided below:
7673 autosampler
2 sample washes with methylene chloride prior to injection 
4 sample priming pumps
2 uL injection volume
3 post inject washes with acetone
3 post injection washes with methylene chloride
2 second viscosity delay
Plunger speed set at maximum setting
HP5890 GC
Injector temperature 280° C
Constant flow 0.9 ml/min (13.2 p.s.i)UHP He carrier gas (Air Products)
Splitless valve on at two minutes (20 cc/min total flow)
Temperature program- 60° C for one minute, then 8° C/minute to 130° C hold for 
two minutes, l°C/minute to 220° C hold for one minute, 4° C/minute to 310° C 
hold for eight minutes. (Total run time 133.25 minutes)
HP5971 MSD
Interface temperature 285° C 
Foreline pressure 27 mtorr
Source temperature 175° C and 3.2x10 EE-5 torr 
Solvent delay 40 minutes 
Ionization 70eV
Initial Multiplier offset 141 (2717.6 final EM voltage)
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Multiplier offset, voltage, and lens parameters changed based upon tune 
performance
PFTBA Mass Spectrometer Target Tune Criteria 





DFTPP Mass Spectrometer Tuning Criteria
m /z Relative Abundance
127 40-65%
197 <2%




441 Present and <m /z 443
442 >40%
443 17-23% of m /z 442
The first step in the chromatographic workup was to establish the optimum 
separation o f the 209 congeners. Each of the nine purchased mixed standards was 
injected separately and the retention time for each congener was established using the 
previous data from Frame (1997) as an initial starting point for expected retention 
times. Even with an extended run time and optimized conditions of column flow, 
temperature, and pressure settings, there were still co-elutions of certain congeners
68
when injecting mixed working standards containing all 209 congeners. Of the 209 
original congeners, 187 congeners or co-eluting congener pairs or groups were 
chromatographically resolved. From a forensic perspective, the absolute concentration 
of each individual congener is not as critical as it would be if the data were being 
compared to regulatory or risk-based criteria. The presence o f co-eluting peaks is not 
necessarily problematic for forensic fingerprinting. However, the identification and 
quantification must be consistent between the calibration standards and the 
environmental samples. The presence of false positives/negatives due to non-PCB 
interferences and/or biased results could affect later statistical manipulations of the 
data.
The mass spectrometer was set to high resolution mode using single ion 
monitoring (SIM) utilizing key primary and secondary ions. Operation in SIM 
increases the sensitivity of the method but also increases the importance of optimizing 
retention times for identification o f specific congeners. The SIM collection sequence 
was separated into 7 PCB ion groups. The MSD collection profiles for masses and the 
respective dwell times were different for each group and were initiated by specific 
retention time windows.
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Table 6.1: PCB Ion Groups and Respective Operating Parameters
PCB Ion Group 1: Biphenyl + Ch Homologs 
Start time 40 minutes 
Masses: 152,153.154,188,190,222,256 
Dwell: 50
PCB Ion Group 2: lnt.Std.1 + Cl2 and Cl3 Homologs + surrogates1/2 
Start time 53 minutes
Masses:152,153,164,186,188,190,221,222,224,225,227,234,236,240,241,256,258,290,296 
Dwell: 35
PCB Ion Group 3: lnt.Std.2 + Cl3, Cl4, and Cl5 Homologs + surrogate 3 




PCB Ion Group 4: Int.Std 3 + Cl4, Cl5, and Cl6 Homologs + surrogate 4 
Start time 98.69 minutes
Masses:220,229,230,254,266,288,290,292,294,323,324,326,328,336,338,340,358,360,362 
Dwell: 40
PCB Ion Group 5: lnt.Std.4 + Cl5, Cl6, and Cl7 Homologs + surrogate 5 





PCB Ion Group 6: Cl6, Cl7, and Cl8 Homologs + Surrogate 6 
Start time 118 minutes
Masses:240,241,288,322,323,356,358,360,362,392,394,396,425,428,430,432,462 
Dwell: 35
PCB Ion Group 7: Int.Std.5 + Cl7, Cl8, Cl9, and Cl10 Homologs + Surrogate 7 





A PCB window defining mixture (Accustandard cat# C-WDM, lot B2110160, 2.5 
ug/m L in isooctane) was first injected. This mixture contains the first and last eluting 
congener for each homolog group, allowing the acquisition start/stop times for each ion 
group to be set appropriately. The MSD ion groups, the congeners in each group, and 
the respective ions and dwell times for each group are provided in Table 6.1. (Note: 
Biphenyl was not included in the calibration standards and was only qualitatively 
evaluated using its molecular ion.)
There were many challenges in utilizing mass spectrometry in SIM mode for the 
determination of PCBs. Because of the numerous isomers within each homolog group, 
co-eluting congeners may also have the same quantification and qualifier ions. In 
addition, co-eluting inter-homolog bias, due to the similarity in fragmentation (ion 
clusters), can further exacerbate identification and quantification. Therefore, careful 
attention was given to the monitoring of appropriate ion ratios of each congener and to 
potential interferences. General provisions highlighted for a similar SIM study in the 
Hudson River (QEA, 2002) were utilized here.
The appropriate ratios for quantitation and confirmation ions were monitored and 
maintained for each sample relative to those of the calibration standards to ensure that 
other co-elutions did not produce biased results. Appropriate ratios of the measured 
peak areas of the quantitation ions and the confirmation ions were compared to the 
acceptability ratios in Table 6.2.
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Ratio M-70 Ions M+70 Ions M+35 ions
Correction
Ions
Cl, 188 190 3.00 2.S-3.5 152,153 256,258 222,224
M+70/M+35
-/-
Cl2 222 224 1.50 1.3-1.8 152,153,186,188 290,292,294 256,258 •/221
Cl3 256 258 1.10 0.8-1.3 186,188 324,326,328 290,292,294 254/255
Cl4 292 290 1.30 1.1-1.6 220,222 360,362 324,326,328 288/289
Cl5 326 324 1.60 1.4-1.8 254,256,258 392,394,396,398 360,362 322/323
Cl6 360 362 1.20 1.0-1.5 288,290 426,428,430,432 392,394,396,398 356/357
Cl7 394 396 1.00 0.8-1.2 322,324 no co-elutions 428,430,432 •/391
CIB 430 428 1.10 0.8-1.4 356,358,360 494,496,498,500 462,464,466 -/425
CI9 464 466 1.40 1.0-1.6 390,392,394 - 496,498,500 -I-
Cl,0 498 500 1.10 0.9-1.3 424,426,428,430 • n/a -I-
Table 6.3 Corrections for Co-elution Interferences of PCBs with Two Additional 
Chlorines
Homolog
Group Quant Ion Confirmation Ion Correction Ion
% Correction Ion Measured to  Subtraction 
from
Quant Ion Conf Ion
Cl3 256 258 254 99% 32%
CU 292 290 288 66% 138%
cis 326 324 322 105% 174%
Cl6 360 362 356 148% 81%
Cl7 394 396 390 220% 132%
Table 6.4 Correction for Co-elution Interferences of PCBs with One Additional Chlorine
Homolog Group Q uant Ion Correction Ion
P ercen t o f  C orrection  Ion  to  S ub tract from  Q uant 
Ion
Q uant Ion
Cl2 222 221 12.80%
Cl3 256 255 13.40%
Cl4 292 289 17.90%
c i5 326 323 24.00%
CU 360 357 27.20%
Cl7 394 391 33.40%
CIB 430 425 45.50%
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Examination of data and subsequent corrective actions including manual 
integration and/or background corrections were performed as necessary. When 
excessive interferences occurred and could not be corrected, the results for that 
congener were not used.
For all isomer groups, the ion profiles for intense (M + 7 0 )  ions that would indicate a 
co-eluting P C B  containing two additional chlorines were also included (Table 6.3). 
Appropriate correction factors using the measured abundance o f the M+ were 
determined and are shown in Table 6.3. For example, for a C F -P C B  and C ls-P C B  co­
elution, the C I7 -P C B  will contribute to the ion mass fragments for the quant (m /z 326) 
and confirmation (m /z 3 2 4 ) respectively, for the C ls-P C B . The correction factors in 
Table 6 .4  were obtained by recording the area for m /z 3 22  (lowest mass ion in the (M+ 
-7 0 ) ion cluster of the C I5 -P C B ) ion fragment produced by a C I7 -P C B . Then, the areas 
produced from the m /z 32 6  and m /z  3 2 4  of the C I7 -P C B  were used to correct the co­
elution bias by subtracting the correction ion responses from the respective areas of the 
C I5 -  PC B . This co-elution correction was only required for C I3 -C I 7 homolog groups.
For Cla-ClsPCB congeners, ion profiles for intense (M + 3 5 )+  ions that indicated a 
co-eluting PCB containing one additional chlorine were monitored for the interference 
caused by the presence of 13C. This interference was typically very small except when a 
small amount of the PCB co-eluted with a relatively large amount of another congener 
containing one additional chlorine. To correct for this interference, the area for the 
appropriate correction ion fragment (Table 6.4) from the (M -l)+  ion cluster, was 
captured, and the area measured for this ion (M -l)+  ion was subtracted from the 
measured area for the quantitation ion.
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A 5-point curve was used for calibration of each congener or congener group. The 
concentration ranges for the calibration standards was 50-500 ng/mL. The choice of 
calibration type was manually selected by viewing the calibration curves for each 
congener or congener group.
Calibration by internal standardization was applied to the determination of the 
PCBs using labeled congeners. Calibration was performed via relative response (RRF), 
using either linear or quadratic equation regression. The relative response (RR) of 
labeled PCB congener internal standard to native congener vs. concentration in the 
calibration solutions was computed over the calibration range, according to the 
procedures described below. Five calibration points were employed; using the response 
of each congener or co-elution group relative to a labeled PCB congener determined 
using the area responses of the primary quant ions specified in Table 6.5, for each 
calibration standard, as follows:
_  ( A l n + A 2 a )
( A l ,  +  A 2 , )  C n ( 4 )
where:
A ln  and A2n = The measured areas at the primary and secondary m /z ’s for the PCB 
A ll and A2l = The measured areas at the primary and secondary m /z ’s for the labeled 
Compound (internal standard)
Cl = The concentration of the labeled compound in the internal standard (150 ng)
Cn = The concentration of the native compound in the calibration standard
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Table 6.5: Table of Calibrated PCB’s, Ions, and Retention Times
Method : C :\ENVDEMO\CONGENER.M (RTE Integrator)
Title : PCB Congener Calibration
Last Update : Med Mar 13 11:48:03 2013
Response via : Initial Calibration
Total Cpnds : 199
PK# Compound Name Qlon Bxp RT Rel RT Cal #Qual A/H IE
1 I 13C PCB 9 234 59.02 1.000 L 2 A B
2 S DBOF (surrogate#!) 296 58 .80 0.996 L 1 A B
3 T Biphenyl TIC 49 .94 0.846 L 2 A B
4 T PCB 1 188 42.86 0.726 Q 2 A B
S T PCB 2 188 SO .45 0.855 L 2 A B
6 T PCB 3 188 SI .85 0.879 L 2 A B
7 T PCB 4 152 53 .70 0.910 L 2 A B
8 T PCB 10 222 S3 .83 0.912 A 2 A B
9 T PCB 9 222 59.29 1.005 Q 2 A B
10 T PCB 7 222 59.51 1.008 A 2 A B
11 T PCB 6 222 61.01 1.034 A 2 A B
12 T PCB 5 222 62.22 1 .054 A 2 A B
13 T PCB 8 222 62.72 1.063 A 2 A B
14 T PCB 19 186 65.30 1.106 A 2 A B
15 T PCB 14 222 65 .71 1.113 A 2 A B
16 T PCB 30 258 67.30 1.140 A 2 A B
17 T PCB 18 186 69.97 1.186 A 2 A B
18 T PCB 11 222 69.73 1.182 A 2 A B
19 T PCB 17 186 70.51 1.195 A 2 A B
20 T PCB 12 222 70.76 1.199 A 2 A B
21 T PCB 24 258 72 .31 1.225 A 2 A B
22 T PCB 27 258 71.55 1.212 A 2 A B
23 S Phen-dlO (surrogate#2 ) 188 71.65 1.214 A 2 A B
24 T PCB 13 222 71.60 1.213 A 2 A B
25 T PCB 16 186 73 .34 1.243 L 2 A B
26 T PCB 15 222 73 .47 1.245 A 2 A B
27 T PCB 32 258 73 .82 1.251 Q 2 A B
28 T PCB 54 292 75.38 1.277 Q 2 A B
29 T PCB 34 258 75.45 1.278 Q 2 A B
30 T PCB 23 256 75.82 1.285 A 3 A B
31 T PCB 29 256 76 .48 1.296 A 3 A B
32 T PCB 26 256 78 .15 1.324 Q 3 A B
33 T PCB 50 292 78 .17 1.324 Q 3 A B
34 T PCB 25 256 78 .77 1.335 A 3 A B
35 T PCB 31 256 80.31 1.361 A 3 A B
36 T PCB 53 292 80.25 1.360 Q 3 A B
37 S 13C--PCB28 (surrogates) 268 80 .59 1. 365 A 2 A B
38 T PCB 28 256 80 .83 1.370 A 3 A B
39 T PCB 33 256 81.OS 1.373 A 3 A B
40 T PCB 51 292 81.38 1.379 Q 3 A B
41 T PCB 45 292 82 .98 1.406 Q 3 A B
42 T PCB 20 + 21 256 81.12 1.375 A 3 A B
43 T PCB 46 292 84.12 1.425 Q 3 A B
44 T PCB 73 292 84 .74 1.436 Q 3 A B
45 T PCB 69 292 85.32 1.446 A 3 A B
46 T PCB 22 256 83 .40 1.413 A 3 A B
47 T PCB 43 292 85 .52 1.449 Q 3 A B
48 T PCB 52 292 86.08 1.459 Q 3 A B
49 I 13C PCB52 302 85 .82 1.000 l> 2 A B
50 T PCB 48 292 86.60 1.009 Q 3 A B
51 T PCB 49 292 86.72 1.011 Q 3 A B
52 T PCB 36 256 85.26 0.994 Q 3 A B
53 T PCB 47 292 87 .47 1 . 019 Q 3 A B
54 T PCB 104 326 87.42 1.019 Q 3 A B
55 T PCB 65 + 62 + 75 292 87 .82 1. 023 Q 3 A B
56 T PCB 39 256 87.39 1.018 A 3 A B
57 T PCB 44 292 89.51 1.043 Q 3 A B
58 T PCB 59 292 89.94 1 .048 A 3 A B
59 T PCB 42 292 90 .08 1.050 A 3 A B
60 T PCB 38 256 87.85 1.024 A 3 A B
61 T PCB 67 292 91.21 1.063 Q 3 A B
62 T PCB 41 292 91.54 1. 067 A 3 A B
63 T PCB 96 326 91.73 1.069 Q 3 A B
64 T PCB 35 256 90 .67 1. 057 I, 1 A B
65 T PCB 72 292 92.24 1.075 Q 3 A B
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66 T PCB 64 292 92.50 1.078 A 3 A B
67 T PCB 40 292 92.78 1.081 A 3 A B
68 T PCB 37 256 93.06 1.084 A 3 A B
69 T PCB 103 326 93.06 1.084 Q 3 A B
70 T PCB 68 292 93.00 1.084 Q 3 A B
71 T PCB 1O0 326 94.14 1.097 Q 3 A B
72 T PCB 57 292 94.43 1.100 A 3 A B
73 T PCB 94 326 94.47 1.101 A 3 A B
74 T PCB 71 292 95.49 1.113 A 3 A B
75 T PCB 102 326 95.86 1.117 Q 3 A B
76 T PCB 61 292 96.17 1.121 A 3 A B
77 T PCB 98 326 96.50 1.124 Q 3 A B
78 T PCB 93 326 96.76 1.128 Q 3 A B
79 T PCB 76 + 63 292 96.76 1.128 A 3 A B
80 T PCB 95 + 88 326 97.39 1.135 Q 2 A B
81 T PCB 74 + 58 292 95.34 1.111 Q 2 A B
82 T PCB 121 326 97.93 1.141 A 2 A B
83 T PCB 70 292 98.24 1.145 A 2 A B
84 T PCB 66 292 98.99 1.153 A 2 A B
85 T PCB 91 326 98.66 1.150 A 3 A B
86 T PCB 155 360 98.83 1.152 A 3 A B
87 T PCB 80 + 55 292 99.89 1.164 A 2 A B
88 T PCB 92 326 100.87 1.175 A 2 A B
89 I 13C PCB101 338 101.93 1.000 Tj 2 A B
90 T PCB 84 + 89 326 101.08 0.992 A 2 A B
91 T PCB 56 292 101.37 0.99S A 2 A B
92 T PCB 101 * 90 326 101.98 1.001 Q 2 A B
93 T PCB 60 292 102.29 1.004 A 2 A B
94 T PCB 113 326 102.00 1.001 A 2 A B
95 T PCB 99 326 103.16 1.012 Q 2 A B
96 T PCB 150 360 103.04 1.011 Q 3 A B
97 T PCB 152 360 103.96 1.020 Q 3 A B
98 T PCB 119 + 83 326 104.26 1.023 A 2 A B
99 T PCB 112 326 104.52 1.025 A 2 A B
100 T PCB 125 + 86 326 104.73 1.027 A 2 A B
101 S Chrysene-dl2 (surrogate#6) 240 120.35 1.181 A 1 A B
102 T PCB 120 326 104.90 1.029 L 3 A B
103 T PCB 145 360 105.06 1.031 Q 3 A B
104 T PCB 97 326 105.18 1.032 Q 3 A B
105 T PCB 79 292 105.37 1.034 A 3 A B
106 T PCB 111 326 106.02 1.040 A 3 A B
107 T PCB 148 360 106.03 1.040 A 3 A B
108 T PCB 78 292 106.40 1.044 A 3 A B
109 T PCB 87 326 106.82 1.048 A 3 A B
110 T PCB 136 360 106.73 1.047 A 3 A B
111 T PCB 117 326 106.83 1.048 A 3 A B
112 S 13C- PCBin (surrogate#4) 338 107,08 1.051 A 2 A B
113 T PCB 115 + 116 326 107.02 1.050 A 3 A B
114 T PCB 154 360 107.16 1.051 A 3 A B
115 T PCB 85 326 107.16 1.051 A 3 A B
116 T PCB 110 + 109 326 107.86 1.058 A 3 A B
117 T PCB 81 292 108.10 1.061 LO 3 A B
118 T PCB 151 360 108.89 1.068 A 3 A B
119 T PCB 82 326 109.08 1.070 A 3 A B
120 T PCB 135 360 109.27 1.072 A 3 A B
121 T PCB 144 360 109.48 1.074 A 3 A B
122 T PCB 77 292 109.42 1.074 LO 3 A B
123 T PCB 147 360 110.05 1.080 A 3 A B
124 T PCB 149 360 110.17 1.081 A 3 A B
125 T PCB 139 + 140 360 110.42 1.083 Q 3 A B
126 T PCB 124 326 110.47 1.084 A 3 A B
127 T PCB 143 360 110.59 1.085 A 3 A B
128 T PCB 108 326 110.85 1.088 A 3 A B
129 T PCB 107 + 123 326 110.99 1.089 A 3 A B
130 T PCB 106 326 111.20 1.091 A 3 A B
131 T PCB 134 360 111.26 1.092 A 3 A B
132 T PCB 188 396 111.45 1.093 A 3 A B
133 T PCB 118 326 111.56 1.095 A 3 A B
134 T PCB 142 360 111.50 1.094 A 2 A B
135 T PCB 131 + 133 360 111.75 1.096 A 3 A B
136 T PCB 184 394 112.21 1.101 A 2 A B
137 T PCB 122 326 112.25 1.101 A 3 A B
138 T PCB 165 360 112.28 1.102 A 3 A B
139 T PCB 146 360 112.51 1.104 A 3 A B
140 T PCB 114 326 112.53 1.104 A 3 A B
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141 T PCB 161 360 112.68 1.105 A 3 A B
142 T PCB 138 + 168 +• 132 360 113.00 1.109 LO 3 A B
143 T PCB 179 394 113.78 1.116 Q 3 A B
144 T PCB 105 326 113.68 1.115 L 3 A B
145 T PCB 141 360 114.18 1.120 A 3 A B
146 T PCB 176 394 114.33 1.122 A 3 A B
147 T PCB 137 360 114.61 1.124 A 3 A B
146 T PCB 127 326 114.63 1.125 A 3 A B
149 T PCB 186 394 114.75 1.126 A 3 A B
150 T PCB 130 360 114.96 1.128 A 3 A B
151 T PCB 164 360 115.20 1.130 A 3 A B
152 1 13C PCB138 372 115.43 1.000 L 2 A B
153 T PCB 153 360 115.55 1.001 A 3 A B
154 S 13C-PCB178 (surrogate#5) 406 115.66 1.002 A 1 A B
155 T PCB 160 ♦ 163 360 115.56 1.001 A 3 A B
156 T PCB 178 394 115.74 1.003 A 2 A B
157 T PCB 129 360 115.70 1.002 A 3 A B
158 T PCB 158 360 115.79 1.003 A 3 A B
159 T PCB 175 + 182 394 116.11 1.006 A 3 A B
160 T PCB 187 394 116.43 1.009 A 3 A B
161 T PCB 183 394 116.86 1.012 A 3 A B
162 T PCB 166 360 116.81 1.012 A 3 A B
163 T PCB 126 326 117.21 1.015 A 3 A B
164 T PCB 159 360 117.26 1.016 A 3 A B
165 T PCB 128 * 162 360 117.63 1.019 Q 3 A B
166 T PCB 185 394 117.64 1.019 A 3 A B
167 T PCB 174 394 118.05 1.023 A 3 A B
168 T PCB 167 360 118.12 1.023 A 3 A B
169 T PCB 181 394 118.29 1.025 A 3 A B
170 T PCB 202 430 118.35 1.025 Q 3 A B
171 T PCB 177 394 118.71 1.028 A 3 A B
172 T PCB 171 394 119.02 1.031 A 3 A B
173 T PCB 201 4 204 430 118.91 1.030 Q 3 A B
174 T PCB 173 394 119.26 1.033 A 2 A B
175 T PCB 197 430 119.52 1.035 A 3 A B
176 T PCB 156 360 119.68 1.037 A 3 A B
177 T PCB 172 394 119.82 1.038 A 3 A B
178 T PCB 157 360 119.94 1.039 A 3 A B
179 T PCB 192 394 119.95 1.039 A 3 A B
180 T PCB 180 394 120.31 1.042 L 3 A B
181 S OCN (surrogate#7) 404 129.54 1.122 A 2 A B
182 T PCB 193 394 120.42 1.043 Q 3 A B
183 T PCB 200 430 120.50 1.044 A 3 A B
184 T PCS 191 394 120.66 1.045 A 3 A B
185 T PCB 170 394 122.10 1.058 A 3 A B
186 T PCB 198 430 122.05 1.057 Q 3 A B
187 T PCB 199 430 122.22 1.059 Q 3 A B
188 T PCB 190 394 122.05 1.057 Q 3 A B
189 T PCB 169 360 122.49 1.061 A 3 A B
190 T PCB 196 + 203 430 122.55 1.062 Q 3 A B
191 T PCB 208 464 123.83 1.073 A 3 A B
192 T PCS 189 394 124.14 1.076 A 3 A B
193 T PCB 207 464 124.32 1.077 A 3 A B
194 T PCB 195 430 124.44 1.078 Q 3 A B
195 T PCS 194 430 125.46 1.087 Q 3 A B
196 X 13C PCB194 442 125.50 1.000 L 2 A B
197 T PCB 205 430 125.75 1.002 Q 3 A B
198 T PCB 206 464 127.25 1.014 Q 3 A B
199 T PCB 209 498 128.66 1.025 Q 2 A B
Cal A - Average L - Linear LO « Linear w/origin Q - Quad QO » Quad w/origin
#Qual * number of qualifiers
A/H ■ Area or Height
ID R - R.T. B - R.T. & Q Q - Qvalue L - Largest A - All



















.8: Total Ion Chromatogram of PCB Calibration Standard
TIC: 0309CCC.D
200 ng mixed calibration standard
48.00 50.00 55.00 60.00 65.00 70.00 75.00 00.00 85.00 90.00 85.00  1CP.O0105.00110.0011S.00120.0012S.00130-00
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Table 6.6: PCB Calibration Results
Response Factor Report css Iaatr
Method 5 C:\BNVDEMO\COMGENER.M (RTB Integrator)
Title : PCB Congener Calibration
last Update Had M4T 13 11t48t03 2013
Response via t Initial Calibration
Calibration Piles
500 -CAJLSTD6 .D 300 =KXX4,P 100 -CALSTD2.D
400 -CALSTD5-D 50 bCALSTDI D m
Compound 500 300 100 400 so Avg %RSD
1 I 13C PCB9 -------ISTD- iItiI1iiI«i
2 SC DBOF (surrogate#!) 0.384 0.365 0.374 0.344 0.361 0.366 4.06#
2 CT Biphenyl 0.000# -1.00
4 CT PCB 1 3.517 3.577 2.965 3.24S 3.209 3.306 7.32#
5 CT PCB 2 2.828 2.728 2.167 2.425 2 .224 2.475 11.94#
6 CT PCB 3 2.530 2.466 1.743 2.264 1.892 2.179 15.98#
7 CT PCB 4 2.380 2.323 2.050 2.424 2.382 2.312 6.52#
a CT PCB 10 2.081 2.083 2.022 1.954 2.201 2.068 4.40#
a CT PCB 9 1.022 0.989 0.867 1.051 0.S45 0.975 7.40#
10 CT PCB 7 1.229 1.227 1.174 1.368 1.132 1.226 7.27#
n CT PCB 6 1.145 1.110 1.019 1.017 1.002 1.059 6.09#
12 CT PC* 5 1.139 1.114 1.043 1.063 1.051 1.082 3,90#
13 CT PCS 8 X. 095 1.027 0.966 1.131 1.128 1.070 6.69#
14 CT PCB 19 X. 631 1.608 1.630 1.627 1.664 1.632 1.23#
15 CT PCS 14 1.242 1.148 1.029 1.152 1.124 1.139 6.67#
16 CT PCB 30 0.945 0.902 0.910 0.954 0.972 0.937 3.17#
17 CT PCB 18 1.725 1.706 1.666 1.677 1.634 1.722 3.89#
ia CT PCB 11 0.947 0.900 0.793 0.949 0.S46 0.907 7.39#
10 CT PCB 17 1.725 1.706 1.666 1.562 1.766 1.685 4.61#
20 CT PCB 12 0.893 0.791 0.636 0.859 0.788 0.793 12.42#
21 CT PCB 24 0.869 0.816 0.878 0.799 0.898 0.852 4.99#
22 CT PCB 27 0.847 0.836 0.825 0.B32 0.804 0.829 1.94#
23 SC Phen-dlO (surrogate 2.688 2.643 2.203 2.399 2.038 2.394 11.66#
24 CT PCB 13 0.789 0.683 0.543 0.719 0.617 0.670 14.10#
25 CT PCB 16 1.514 1.436 1.411 1.3S1 1.484 1.439 4.41#
26 CT PCB 15 0.632 0.676 0.454 0.665 0.489 0.583 17.82#
27 CT PCB 32 0.949 0.891 0.870 0.874 0.848 0.8B7 4.31#
28 CT PCB 54 0.907 0.907 0.871 0.856 0.986 0.905 5.55#
20 CT PCB 34 0.828 0.769 0.803 0.788 0.729 0.783 4.77#
30 CT PCS 23 0.924 0.868 0.886 0.839 0.876 0.879 3.49#
31 CT PCB 29 0.853 0.780 0.764 0.803 0.737 0.787 5.57#
32 CT PCB 26 0.919 0.864 0.815 0.824 0.832 0,851 4.97#
33 CT PCB 50 0.715 0.689 0.747 0.682 0.790 0.725 6.16#
34 CT PCB 25 0.777 0.725 0.639 0.713 0.714 0.714 6.94#
35 CMT PCB 31 0.903 0.833 0.779 0.890 0.752 0.831 8.00#
36 CT PCB 53 0.684 0.657 0.658 0.693 0.764 0.691 6.29#
37 SC 13C--PCB28 (aurxogat 0.717 0.644 0.618 0.643 0.676 0.659 5.79#
38 CT PCB 23 0.711 0.659 0.572 0.668 0.771 0.676 10.80#
39 CMT PCB 33 2.340 2.190 2.039 2.268 1.914 2.150 8.05#
40 CT PCB 51 0.687 0.666 0.634 0.661 0.723 0.674 4.93#
41 CT PCB 45 0.618 0.621 0.S96 0.598 0.632 0.613 2.51#
42 CT PCB 20 + 21 0.370 0.336 0.320 0.345 0.335 0.341 5.46#
43 CT PCB 46 0.583 0.569 0.S69 0.584 0.605 0.582 2.54#
44 CT P C S 73 0.854 0.816 0.772 0.815 0.845 0.821 3.92#
45 CT PCB 69 0.799 0.778 0.793 0.774 0.806 0.790 1.71#
46 CT PCB 22 0.775 0.683 0.667 0.638 0.737 0.700 7.90#
47 CT PCB 43 0.479 0.420 0.443 0.544 0.594 0.496 14.58#
48 CT PCB 52 0.636 0.642 0.611 0.583 0.618 0.618 3.77#
49 I 13C PCB52 . . . . __________ -ISTD--__________ - ____ . . . . . . . . . . . . -
50 CT PCB 48 1.449 1.529 1.435 1.448 1.232 1.419 7.80#
51 CMT PCB 49 1.601 1.635 1.488 1.590 1.393 1.542 6.45#
52 CT PCB 36 2.623 2.533 2.416 2.518 2.191 2.456 6.74#
53 CT PCB 47 2.325 2.300 1.806 2.160 3.077 2.334 19.89#
54 CT PCB 104 2.061 2.142 2.166 2.108 1.961 2.088 3.B9#
55 CT PCB 65 ♦ 62 + 75 1. 985 1.899 1.916 1.928 1.680 1.881 6.24ft
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Compound 500 300 100 400 50 Avg %RSD
56) CT PCB 39 2.623 2.533 2.416 2.566 2.191 2.466 6.95#
57) CT PCB 44 1.239 1.236 1.200 1.190 1.107 1.194 4.48#
58) CT PCB 59 2.007 1.985 1.761 2.109 1.907 1.954 6.65#
59) CT PCB 42 1.561 1.549 1.554 1.626 1.367 1.531 6.34#
60) CT PCB 38 1.059 1.084 0.770 1.128 0.992 1.007 14.02#
61) CT PCB 67 1.766 1.841 1.725 1.754 1.617 1.741 4.68#
62) CT PCB 41 1.185 1.216 1.184 1.227 1.071 1.177 5.26#
63) CT PCB 96 1.797 1.820 1.953 1.796 1.607 1.795 6.89#
64) CT PCB 35 0.795 0.804 0.909 0.804 0.882 0.839 6.32#
65) CT PCB 72 1.788 1.788 1.722 1.924 1.525 1.750 8.31#
66) CT PCB 64 2.298 1.574 1.464 2.051 1.764 1.830 18.76#
67) CT PCB 40 0.807 0.808 0.796 0.863 0.796 0.814 3.42#
68) CT PCB 37 2.025 1.910 1.700 1.957 1.575 1.833 10.29#
69) CT PCB 103 1.510 1.582 1.557 1.516 1.442 1.521 3.52#
70) CT PCB 68 1.919 1.828 1.727 1.799 1.522 1.759 8.48#
71) CT PCB 100 1.541 1.571 1.483 1.549 1.496 1.528 2.43#
72) CT PCB 57 1.762 1.689 1.713 1.762 1.513 1.688 6.08#
73) CT PCB 94 1.406 1.394 1.469 1.579 1.328 1.435 6.61#
74) CT PCB 71 3.316 3.219 3.080 3.176 2.597 3.078 9.15#
75) CT PCB 102 1.495 1.524 1.588 1.554 1.435 1.519 3.85#
76) CT PCB 61 1.548 1.482 1.515 1.600 1.315 1.492 7.24#
77) CT PCB 98 1.401 1.397 1.429 1.342 1.250 1.364 5.20#
78) CT PCB 93 1.202 1.231 1.411 1.289 1.231 1.273 6.53#
79) CT PCB 76 + 63 1.667 1.654 1.525 1.758 1.545 1.630 5.86#
80) CMT PCB 95 + 88 1.388 1.398 1.432 1.115 1.304 1.327 9.61#
81) CMT PCB 74 + 58 0.807 0.758 0.613 0.732 0.528 0.688 16.60#
82) CT PCB 121 1.920 1.888 1.961 1.951 1.733 1.891 4.90#
83) CMT PCB 70 1.576 1.558 1.340 1.657 1.143 1.455 14.44#
84) CT PCB 66 1.581 1.554 1.411 1.598 1.246 1.478 10.11#
85) CT PCB 91 1.286 1.035 1.605 1.211 0.976 1.223 20.30#
86) CT PCB 155 1.674 1.645 1.567 1.767 1.495 1.629 6.38#
87} CT PCB 80 + 55 1.597 1.539 1.455 1.647 1.388 1.525 6.87#
88) CT PCB 92 1.266 1.145 1.219 1.177 1.379 1.237 7.39#
89) I 13C PCB101 -ISTD--
90) CT PCB 84 + 89 1.054 1.081 1.120 0.971 1.034 1.052 5.29#
91) CMT PCB 56 1.097 1.220 1.013 1.197 1.335 1.172 10.46#
92} CT PCB 101 f 90 1.092 1.070 1.069 1.074 1.053 1.072 1.30#
93) CMT PCB 60 1.090 1.164 0.984 1.132 1.232 1.121 8.24#
94) CT PCB 113 2.184 2.140 2.139 2.148 2.106 2.143 1.30#
95} CMT PCB 99 1.119 1.138 1.048 1.057 1.121 1.097 3.76#
96) CT PCB 150 1.475 1.511 1.625 1.490 1.634 1.547 4.94#
97) CT PCB 152 1.439 1.460 1.560 1.421 1.475 1.471 3.66#
98) CT PCB 119 t 83 1.115 1.105 1.112 1.084 1.033 1.090 3.12#
99) CT PCB 112 0.623 0.622 0.959 1.367 1.407 0.996 38.48#
100) CT PCB 125 f 86 1.213 1.290 1.086 1.242 1.206 1.208 6.23#
101) SC Chrvsene-dl2 (aurro 0.500 0.445 0.235 0.423 0.445 0.410 24.79#
102) CT PCB 120 1.256 1.037 1.095 1.460 1.135 1.197 14.01#
103} CT PCB 145 1.386 1.375 1.455 1.375 1.506 1.419 4.14#
104) CMT PCB 97 1.044 1.008 0.941 1.065 0.917 0.995 6.43#
105) CT PCB 79 0.288 0.305 0.318 0.288 0.316 0.303 4.75#
106} CT PCB 111 1.319 1.309 1.377 1.304 1.271 1.316 2.92#
107) CT PCB 148 1.044 1.060 1.144 1.061 1.070 1.076 3.63#
108) CT PCB 78 0.332 0.331 0.372 0.334 0.389 0.351 7.75#
109) CMT PCB 87 0.931 0.953 0.874 0.967 0.835 0.912 6.10#
110) CT PCB 136 1.318 1.301 1.420 1.293 1.399 1.346 4.36#
111) CT PCB 117 1.358 1.280 1.155 1.304 1.220 1.263 6.20#
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112) SC 13C-•PCB111 {surroga 1.149 1.103 1.064 1.066 0.969 1.070 6.18#
113) CT PCB 115 + 116 1.515 1.392 1.359 1.339 1.328 1.387 5.45#
114) CT PCB 154 1.093 1.108 1.058 1.112 1.112 1.096 2.11#
115) CT PCB 85 1.093 1.250 1.487 1.037 1.413 1.256 15.55#
116) CMT PCB 110 + 109 1.302 1.263 1.216 1.237 1.152 1.234 4.54#
117) CT PCB 81 0.879 0.775 0.603 0.817 0.609 0.736 16.96#
118) CMT PCB 151 1.002 0.977 1.043 0.972 1.013 1.001 2.87#
119) CT PCB 82 0.858 0.858 0.812 0.816 0.808 0.831 3.05#
120) CT PCB 135 1.014 0.983 0.923 0.998 0.977 0.979 3.53#
121) CT PCB 144 0.972 0.993 1.027 1.027 0.996 1.003 2.37#
122) CT PCB 77 1.100 0.946 0.772 0.984 0.741 0.909 16.54#
123) CT PCB 147 1.005 0.972 0.958 1.061 1.032 1.006 4.23#
124) CMT PCB 149 0.958 1.046 0.970 1.056 0.943 0.995 5.27#
125) CT PCB 139 + 140 1.022 1.020 1.040 1.020 1.000 1.020 1.38#
126) CT PCS 124 1.291 1.218 1.128 1.141 1.194 1.194 5.47#
127) CT PCB 143 1.002 1.014 1.055 1.009 1.010 1.018 2.09#
12S) CT PCB 108 1.389 1.474 0.871 1.380 0.952 1.213 23.02#
129) CT PCB 107 + 123 1.024 1.397 1.114 1.044 1.063 1.128 13.63#
130) CT PCB 106 1.348 1.101 1.071 1.111 1.172 1.161 9.58#
131) CT PCB 134 0.821 0.813 0.866 0.795 0.812 0.821 3.24#
132) CT PCB 188 1.166 1.173 1.259 1.166 1.212 1.195 3.38#
133) CT PCB 118 1.632 1.522 1.515 1.586 1.499 1.551 3,62#
134) CT PCB 142 0.995 0.924 0.968 0.954 0.929 0.954 3.07#
135) CT PCB 131 + 133 0.878 0.903 0.883 0.894 0.847 0.881 2.39#
136) CT PCB 184 1.121 1.113 1.210 1.087 1.082 1.122 4.58#
137) CT PCB 122 1.423 1.354 1.319 1.344 1.253 1.339 4.61#
138) CT PCB 165 1.171 1.129 1.022 1.101 1.110 1.106 4.92#
139) CT PCB 146 0.953 0.940 0.861 0.945 0.862 0.912 5.13#
140) CT PCB 114 1.217 1.149 1.051 1.100 1.084 1.120 5.78#
141) CT PCB 161 1.214 1.165 1.174 1.199 1.143 1.179 2.36#
142) CMT PCB 138 + 168 + 132 1.088 1.079 1.041 1.089 1.055 1.070 2.00#
143) CT PCB 179 1.124 1.143 1.118 1.077 1.165 1.125 2.93#
144) CT PCB 105 0.455 0.416 0.386 0.424 0.454 0.427 6.76#
145) CMT PCB 141 0.901 0.908 0.837 0.883 0.886 0.883 3.13#
146) CT PCB 176 1.215 1.191 1.193 1.173 1.293 1.213 3.88#
147) CT PCS 137 1.013 0.956 0.905 0.964 0.848 0.937 6.72#
148) CT PCB 127 0.383 0.376 0.387 0.372 0.357 0.375 3.10#
149) CT PCB 186 1.215 1.191 1.193 1.179 1.293 1.214 3.77#
150) CT PCB 130 0.812 0.802 0.679 0.776 0.771 0.768 6.83#
151) CT PCB 164 1.139 1.097 1.041 1.208 0.983 1.093 7.94#
152) I 13C PCB138 .... ...... ...... ISTD--
153) CT PCB 153 0.996 1.053 1.023 1.001 0.825 0.980 9.11#
154) SC 13C- PCB178 {surroga 0.836 0.822 0.873 0.778 0.890 0.840 5.24#
155) CT PCB 160 + 163 1.389 1.373 1.392 1.405 1.411 1.394 1.06#
156) CT PCB 178 0.941 0.968 0.977 0.937 0.986 0.962 2.28#
157) CT PCB 129 0.832 0.677 0.669 0.844 0.824 0.769 11.48#
158) CMT PCB 158 1.327 1.354 1.483 1.254 1.252 1.334 7.11#
159) CT PCB 175 + 182 0.985 0.999 1.060 0.984 0.988 1.003 3.21#
160) CT PCB 187 0.989 1.024 1.031 1.005 1.030 1.016 1.82#
161) CMT PCB 183 1.007 1.050 1.008 1.024 1.054 1.029 2.16#
162) CT PCB 166 1.377 1.370 1.408 1.333 1.306 1.359 2.93#
163) CT PCB 126 0.936 0.813 0.717 0.833 0.777 0.815 9.90#
164) CT PCB 159 1.200 1.134 1.115 1.169 1.023 1.128 5.96#
165) CT PCB 128 + 162 1.115 1.089 1.107 1.081 1.020 1.083 3.47#
166) CT PCB 185 0.986 0.996 1.026 0.976 0.974 0.991 2.15#
167) CMT PCB 174 0.443 0.456 0.513 0.528 0.532 0.494 8.49#
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168) CT PCB 167 1.149 1.062 1.005 1.096 0.896 1.042 9.29#
169) CT PCB 181 0.989 0.966 1.038 0.979 1.006 0.996 2.81#
170) CT PCB 202 1.008 1.023 1.091 1.021 1.263 1.081 9.87#
171) CMT PCB 177 0.830 0.856 0.845 0.805 0.856 0.838 2.56#
172) CT PCB 171 0.893 0.911 0.929 0.890 0.874 0.899 2.34#
173) CT PCB 201 -i- 204 1.114 1.125 1.207 1.109 1.184 1.148 3.91#
174) CT PCB 173 0.772 0.907 0.920 0.819 0.766 0.837 8.76#
175) CT PCB 197 1.151 1.202 1.258 1.159 1.217 1.197 3.68#
176) CMT PCB 156 0.439 0.444 0.486 0.432 0.499 0.460 6.59#
177) CT PCB 172 0.812 0.820 0.810 0.795 0.802 0.808 1.19#
178) CT PCB 157 1.218 1.035 0.956 1.067 1.055 1.066 8.91#
179) CT PCB 192 1.039 1.032 1.045 1.067 1.006 1.038 2.10#
180) CT PCB 180 0.819 0.831 0.777 0.326 0.924 0.836 6.46#
181) CS OCN (surrogate#7) 0.061 0.048 0.033 0.050 0.048# 24.06#
182) CT PCB 193 1.055 1.067 1.033 1.082 0.984 1.044 3.66#
183) CT PCB 200 1.059 1.089 1.138 1.063 1.155 1.101 3.96#
184) CT PCB 191 1.057 0.991 1.033 0.995 1.006 1.017 2.75#
185) CT PCB 170 0.829 0.810 0.782 0.810 0.801 0.806 2.10#
186) CT PCB 198 0.806 0.742 0.900 0.803 0.839 0.818 7.01#
187) CMT PCB 199 0.706 0.742 0.695 0.687 0.755 0.717 4.17#
188) CT PCB 190 0.987 0.931 0.979 0.931 0.862 0.938 5.30#
189) CT PCB 169 1.560 1.427 1.412 1.488 1.350 1.447 5.51#
190) CMT PCB 196 + 203 0.783 0.786 0.812 0.778 0.817 0.795 2.26#
191) CT PCB 208 0.917 0.884 0.993 0.901 0.974 0.934 5.08#
192) CT PCB 189 0.860 0.787 0.731 0.824 0.674 0.775 9.53#
193) CT PCB 207 0.938 0.899 1.001 0.914 0.995 0.949 4.95#
194) CT PCB 195 0.689 0.689 0.697 0.784 0.801 0.732 7.58#
195) CMT PCB 194 0.694 0.940 0.841 0.668 1.399 0.908 32.56#
196) I 13C PCB194 -----___ ______-ISTD--
197) CT PCB 205 1.219 1.735 1.534 1.139 1.920 1.509 22.01#
198) CT PCB 206 1.037 1.046 1.054 0.973 1.000 1.022 3.36#
199) CT PCB 209 1.242 1.188 1.292 1.150 1.225 1.219 4.42#
Relative response acceptance values for each curve were set at 20% RSD for each 
congener and congener group. These criteria were observed for all but a few 
compounds (Table 6.6). An example of a chromatogram for a calibration standard is 
provided as Figure 6.8.
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6.6.4 Quality Assurance and Quality Control
Quality assurance and quality control were integrated into all aspects of this research. 
For sample analyses, minimum QA and QC requirements consisted of initial 
demonstration of analytical capability and QA and QC were continued throughout routine 
sample analyses in order to document continued acceptable performance and data quality. 
Initial demonstration of analytical capability (prior to the analysis of field samples) 
included:
•  Instrument tuning and calibration
• Establishment of calibration relative response factors (RRFs), retention 
times, and ion ratios (during full-scan screening)
• Calculation and verification of detection and quantitation limits
• Initial demonstration of accuracy and precision using standards from a 
source other than those used for calibration
• Initial demonstration of accuracy via analysis of sediment and tissue 
certified reference materials (CRM’s)
• Evaluation of extraction efficiencies and potential bias caused by sample 
cleanup steps
Continued demonstration (during analysis of field samples) of ongoing performance 
included:
• Routine calibration verification (within 20% of initial RRF)
•  Routine monitoring of precision using sediment and tissue splits (criteria 
set at 30% RSD)
•  Routine monitoring of retention time windows and intensities of internal 
standards with each sample
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• Routine verification of extraction efficiencies using sample surrogates 
added to each sample (criteria set at 100+ /- 30%)
• Routine monitoring of background through the ongoing analysis of 
extraction and analytical blanks (criteria set at quantitation limit and 
2*MDL respectively)
•  Routine monitoring of congener spikes (criteria set at 100 + / -  30%)
• Routine evaluation of CRM’s with each batch of samples (per 
manufacturer specifications)
Detection limits were calculated using the procedure provided by the EPA (EPA, 
1985 (a)). In addition, a low-level quantification standard was analyzed on a periodic 
basis. Typical operations prior to setting up an analytical run consisted of baking the 
column using a designated bake-out program, which was a two-step sequence of 120 
degrees at 2 mL/min carrier flow rate for two minutes followed by ramping the 
temperature up to 300 degrees at 20 degrees per minute. After baking, the mass 
spectrometer was used to check for the presence of water and air to ensure that there 
were no leaks in the system. The mass spectrometer was then initially tuned using 
perfluorotributylamine (PFTBA) as the reference compound to initially adjust the 
voltages of the source to achieve correct ion ratios. The target tune criteria listed 
previously were used for this initial tune, which was used to monitor the general 
performance and cleanliness of the source. After passing the initial tuning criteria of the 
PFTBA target tune, the mass spectrometer was tuned again, using 50 ng of DFTPP  
(Decafluorotriphenylphosphine) and utilizing the tuning criteria listed previously for 
DFTPP. The ions and the tuning criteria were specifically selected for the DFTPP  
tune by initially spiking the same pre-cleaned fish tissue with increasing concentrations 
of a standard containing one congener on each homolog group, and then evaluating the
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average ion ratios from each sample. The ions selected for tuning were those of 
DFTPP that were closest to the primary ions for each PCB congener, considering 
abundance, mass, and degree of interference. Tuning criteria for both the initial 
PFTBA and the final DFTPP tune was required to be met prior to the analysis of any 
standards or samples. Corrective actions over the course of the analysis for failed 
tuning included remaking the DFTPP standard, trimming the head of the column, 
replacing the injection liner, manually tweaking the primary lens voltages, and finally 
cleaning the source.
After tuning, an instrument blank (2 uL of methylene chloride) was analyzed to 
ensure system cleanliness. Criteria for the analytical blank required that no congeners 
could be present at concentrations greater than twice the detection limit for each 
respective congener. Typically, failure of this criteria was found to be caused by 
contaminated injection liners or autosampler rinse solvents and was quickly corrected 
by replacing these items. Following the analytical blank, a 200 ng/m L continuing 
calibration verification (CCV) was injected to verify that the calibration curve 
responses had not drifted appreciably, relative to the initial calibration. A passing 
continuing calibration for each congener or congener group was required to be + /-  
20% of the true value as calculated from the initial calibration. Extraction blanks 
(Ottawa Sand) were included with each batch of samples. Since relative congener 
concentrations are critical to the PVA calculations, introduction of a positive bias due 
to contamination must be eliminated. Therefore, any congeners that were detected at 
the quantitation limit in the extraction blanks were eliminated for all samples in that 
respective batch. Passing criteria for CRMs were based upon those provided by the 
manufacturers of each material. Spikes were performed periodically using a PCB
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congener mix from Accustandard (C-WCFS), which contained congeners that are 
typically found in fish tissue. Acceptance criteria were set at 70-130% relative to 
concentrations recovered from a fortified blank. Tables B.l and C.l in the appendix 
provide respective summary results for the initial detection limit determination and the 
analysis of reference materials throughout the study. Overall, most data quality 
control criteria were met. Appropriate corrective actions were performed as needed, 
depending on whether the deficiencies were believed to have had a deleterious effect on 
the ultimate usability of the data. Any failures that could not be corrected and/or may 
have affected the usability of the data resulted in either the affected congeners being 
eliminated from use or reanalysis of the entire sample or batch. Background 
corrections or bias corrections (based upon QC recoveries) were not utilized in this 
study.
6.6.5 Sample Analysis
After each analytical run, the integrations of each congener were double-checked 
manually by visual examination of ion profiles of quantification and confirmation ions. 
Congeners that were detected within the linear range o f the calibration curve were 
reported on a dry weight basis using equation 5. Any individual congener that exceeded 
the highest calibration standard was diluted and re-analyzed in order to place the 
analyte within the working calibration range.
Cx =  (Ax * Q i ^ / M  * RF  * 14/ * M) (5)
Where:
Cx = concentration (ug/Kg) of surrogate or congener 
A x = area of the quantitation ion for the surrogate or congener 
Ai — area o f the designated internal standard quantitation ion 
Qi)= mass (ug) of internal standard added to the extract 
R F =  calculated response factor for the surrogate or congener from the 
calibration
W =  wet mass (kilograms) of sample extracted 
M= (100 - % m oisture)/100
6.7 Polytopic Vector Analysis (PVA)
There are numerous statistical tools available for forensic evaluation, and the 
specific statistical modeling selected for any forensic project is dependent upon the 
nature of the chemical(s) being evaluated, including the relative concentrations that 
exist in the media of concern and the ultimate fate/transport associated with those 
contaminants. Although PCBs are thought to be relatively recalcitrant in the 
environment, physical and biological processes can quickly change the relative 
concentrations of the PCBs such that the fingerprint in the receiving media is different 
from that of the original source. In addition, because they may exist from numerous 
sources, the effects of multi-source comingling exacerbate the problem of source 
identification. The primary parameters o f interest are (l)  determination o f the number 
of original sources (end-members) that have contributed to the contamination in the 
system; (2) the chemical composition (congener identification) o f each source; and (3) the 
contribution of each source in each sample. This problem formulation is expressed as a 
linear equation as outlined by Johnson (2000):
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^(m*n) A(m*fc)f7(fc«n) T  £(m»n) (®)
Where:
X is a matrix of data of m rows (samples) and n columns (congeners or variables).
K  is the number of sources or end-members.
F represents a matrix of the chemical compositions (source profiles) which has k
rows and n columns.
A is a matrix of the contribution of each source in each sample, and has m rows and
k columns.
e is a matrix o f the residuals or measurement error.
Polytopic Vector Analysis (PVA) is a multivariate statistical technique that was 
originally developed for the analysis o f mixtures in geological sciences (Miesch, 1976 
and Evans, 1992). PVA utilizes eigenvector decomposition modeling (Imbrie, 1963) 
where source compositions are resolved using oblique vectorization modeling of the 
data. PVA does not require a prior i  information on possible sources or their 
compositions, but instead uses a heuristic approach. Validation of the model outputs 
(primarily the number of sources and their compositions) is performed by comparison to 
well-characterized point sources. This approach was successfully performed by Johnson 
et al. (2000) in resolving PCB source fingerprints in suspended particulate matter. PVA 
is a multistep, mathematical, receptor modeling process. As discussed above, the 
objectives are to mathematically determine k, A, and F in Equation 6 above. Principal 
component analysis (PCA) is an intermediate step in the sequence of PVA modeling to
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determine the number of sources (k). This is achieved by transforming the original data 
to a new set of uncorrelated variables (principal components) which are sorted such that 
each accounts for a progressively smaller contribution of variance within the data set. 
Ideally, then, the inter-relationships between samples can be assumed if all the variance 
is captured by a small number of principal components. There are underlying 
assumptions that must be considered in utilizing the PVA model. First, it is assumed 
that the system has more wz-variables or ^-samples (whichever is smaller) than k- 
sources. Otherwise, the model cannot be resolved. Second, it is assumed that the 
relative contributions of each source are a result of linear mixing. This is a particularly 
challenging condition as systematic enrichment or degradation of certain congeners due 
to weathering and/or preferential trophic transfer properties will obviously affect the 
modeling results. Higher-level trophic transfer is likely to exacerbate this issue. A brief 
summary o f the sequential steps and outputs utilized in the PVA calculations in this 
forensic study as described by Johnson et al. (2007) are provided below. A more 
thorough description of the specific mathematical algorithms utilized in each step can be 
found in Davis (1986), Miesch (1976), Ehrlich & Full (1987), Johnson etal. (2000), and 
Joreskog et al. (1976). PVA was performed using software code originally written by 
Glenn Johnson and modified for use in this study (William Barnett, Neptune Inc.) using 
MATLAB programming language (The Mathwork, Inc.,). Additional PCA and output 
plotting was performed using XL STAT (Statistical Software for Excel®, AddlnSoft, 
2015).
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6.7.1 Data Filtering and Optimization
As previously mentioned, Aroclor formulations usually only contain less than half 
of the 209 possible PCB congeners. In addition, some congeners may degrade or may 
be diluted to levels that go undetected. There were some congeners that 
chromatographically co-eluted, further reducing the viable analyte list to congener 
groups with similar quant ion fragments. Prior to performing PVA modeling, the 
congener list was further reduced, in order to eliminate those congeners that were not 
at significant concentrations to be useful during the statistical evaluation. Although all 
188 congener or congener groups that were calibrated were used when evaluating the 
general fingerprints of sediments and fish tissue, the original list of 188 quantified 
congener and co-eluting congener groups was reduced to 22. These final 22 diagnostic 
indicator congener and congener groups were utilized in the PVA statistical evaluations 
and isotope analysis. The criteria used in selecting these remaining congeners were the 
relative concentrations present in the sediments and tissue, chromatographic resolution, 
and peak purity. The last two criteria were important in reducing the possibility of co­
extracted and co-eluted non-PCB contaminants creating a bias. Peak impurity caused 
by co-elution o f isomers is not a trivial task, as the ion fragments may also be identical. 
As mentioned earlier, correction factors were utilized to offset the effects of this bias 
during quantitation. PCB peak purity is especially critical in the latter phases of the 
investigation involving isotope analysis. However, it is emphasized that even though 
some congeners co-elute, Aroclor formulations are composed of a more limited set of 
congeners (Appendix Table A .l). The congener formulations present in the sediments 
sources identified from this study consisted of less than 100 congeners. The congeners 
present in fish tissue sample list were further reduced. Many of the original sediment
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and tissue samples lacked sufficient overall congener detections and were not used. 
Congeners that were reported as non-detect in 15% of the samples were removed. In 
addition, of those that were detected, tissue samples with a total PCB congener 
concentration of less than 2 to 4 ppb (depending upon the species) were removed from 
the data matrix. This represents the total MDL multiplied by 10 in order to estimate 
the total PCB congener quantification limit of the method. Individual peaks that were 
identified as being impure by not meeting the ion ratio requirements during full scan 
pre-screening were also removed from consideration. The goodness-of-fit scatter plots 
were plotted and the Miesch coefficients of determination (CD’s) were calculated for 
each congener in each species, which also allowed for outlier detection (discussed in 
more detail in a later section). The final matrix submitted for PVA after data screening 
was composed of 16 small class fish composites (blue gill), 13 catfish, 10 striped bass, 
and 17 gizzard shad. Carp were excluded from PVA analysis, as there were an 
insufficient number of samples.
6.7.2 Normalization
Principal Component Analysis (PCA) is an interim step in the PVA modeling 
process. Environmental data are seldom homoscedastic and, since PCA is a process that 
accentuates variance, in the absence of a normalization process the congeners with the 
highest mean and variance will have a greater effect on the analysis creating a biased 
component result. Therefore, an equal vector length transform was performed such 
that resulting sample vectors have equal euclidean length. This transform then allowed 
a similarity index (cosine theta) calculation, as defined earlier Davis (1986). Miesch 
(1976a) described a process for equal vector length transform by first normalizing the
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concentration data into a constant-sum input matrix (X) (concentration percent 
normalization). A range transform matrix (X’= {X’ij})is then calculated by:
*ij  ( x ij Xminj) / (Xmaxj ~  ^-minj) ( j )
The range transform values are within the range of 0.0 and 1.0 with variances that are 
approximately homogeneous. The equal vector length transform matrix is then 
calculated as:
X "  =  YX'  (8)
Where Y is a m x  m diagonal matrix where the off-diagonal elements are zero and the 
diagonal elements y, equal the inverse of the square root of the sum-of-squares along 
the range transform rows of X ’:
y. = ../a M
The equal vector length transformation has the added benefit that each sample must lie 
on an n-1 dimensional surface with a unit length from the origin.
6.7.3 Principal Component Analysis (PCA)
Eigenvector decomposition is a linear algebra procedure that reduces the 
dimensionality o f a data set. The transformed data matrix X’ is an (m x n) matrix of m 
sample vectors in n congener dimensional space. Each variable is an orthonormal axes
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of a cartesian coordinate system and the number of eigenvectors (principal components) 
will be equal to m  or n, whichever is smaller. Singular value decomposition (SVD) of X’ 
follows Davis (1973):
X'  =  U A ^ V '  (10)
Where:
U = the matrix of eigenvectors (m x k) which is a decomposition of £X’(] £X’(]
t r a n s p o s e
V’ = the matrix of eigenvectors (n x k) which is a decomposition of [(X’^ j t r a n s p o s e  C - X ’ 3  
A = diagonal matrix of eigenvalues
Finally,
A' =  U A x' 2 ( l l )
The matrix of factor loadings is then the matrix of eigenvectors, scaled by the square 
roots of the eigenvectors and A’ describes principal component scores, and
F = Vk (12)
The factor score matrix is identical to V< and F’ is termed as principal component
loadings. These are subsequently used for the determination of the number of 
significant principal components (sources).
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6.7.4 Determination of the Number of Significant Principal Components
The designation of the number of significant principal components (k) (i.e. 
eigenvectors, end-members, sources) is a critical objective of PVA. Three criteria-based 
methods were evaluated as first-pass approximations of determining the number of 
significant critical components in this study:
1. Cumulative Percentage Variance: Assuming that a reduced dimensional model 
should account for the majority o f the original matrix variance, an arbitrary 
criterion of 95% was selected.
2. Normalized Varimax Loadings: Originally described by Ehrlich and Full (1987), 
the principal components are rotated using a varimax procedure originally 
defined by Kaiser, (1958) followed by row-sum normalization. Assuming that a 
large proportion of samples will typically carry a significant loading on the 
respective varimax factor, an index of >0.1 indicates factors with many samples 
that capture a significant amount of the variance. The criterion is a simple 
observation of a sharp inflection in the factor loading index as an appropriate 
number o f principal components for the PVA model.
3. Signal to Noise ratio: Originally presented by Henry et al. (1999), this criterion 
involves calculation of a signal-to-noise ratio (S/N). Simply stated, Henry 
reported that back-calculated data using random data produced an S /N  as high 
as two and therefore recommended that principal components with an S /N  >2  
should be retained for the PVA model.
These criteria index scores are tabulated for each fish species. The criterion-based 
methods are singular-index methods based upon the degree of variance captured and are 
tacitly limited in the assumption that variability not accounted for by a model of
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reduced dimensionality is spread evenly across all the original variables (congeners). 
Therefore, an additional metric was used for the determination of significant principal 
components. Miesch ( 1976a) described a goodness-of-fit evaluation on a variable-by- 
variable basis. The index uses a coefficient of determination (CD) between each variable 
(X) in the original matrix and its back-calculated reduced dimensional equivalent X . 
Johnson et al. (2000) further suggested a visual plot o f each variable to graphically 
illustrate the Miesch CD fit (scatter plot) for the user selected number o f end members. 
This method also allows a visual observation of potential outliers and further data 
refinement. For this study, several CD plots were made for each fish species, using the 
range of proposed end members from the criterion-based methods. Outliers and 
samples with low concentrations resulting in multiple censored data points were 
omitted. The goal was to select the minimum number of possible end-members that 
agreed with the criteria-based estimators and also show a reasonable CD plot for each 
congener or congener group. Congener or congener groups that are more prevalent 
(higher diagnostic value) were prioritized in terms of CD plot fit acceptance.
6.7.5 Determination of Composition and Mixing Proportions of End-Members 
Once the number of end-members (k) is chosen from the various diagnostics 
described above, the task is to estimate the matrices A’ and F’ and complete the 
remaining two objectives: determine the composition of the end-members and the 
proportions in the samples. The polytope resolution process used as part of this PVA 
study for these objectives is described by Full et al. (1981) as the Extended Method. Since 
the eigenvectors that comprise the k principal components are mathematically free to 
include negative linear combinations (to allow some noise in the model), some rotation
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is performed in order to minimize the negative loading proportions. The D E N E G  
model used here as described by Johnson (2000) is an iterative process that alternately 
expands and rotates the (£-1) dimensional polytope comprising the reduced dimensional 
principal components until certain conditions are satisfied. The basic conditions are 
that the mixing proportions and end-member compositions have no adjustable negative 
values that exceed user-defined mixing proportions criteria of (-5%).
6.7.6 Uncertainty Analysis
The final step of the PVA involves a bootstrapping uncertainty assessment of the 
end-member compositions and mixing proportions using a resampling method 
previously described by Henry (1998). For each species, the sample data matrices were 
randomly resampled 100 times and the PVA was re-run for the respective end-member 
model. The default negativity tolerance o f -5% was retained. An adjustment factor 
(-0.25), known as the DENEG value, which prevents outliers from adversely affecting 
the mixing model was also used. If the model converged (if mixing proportions were all 
equal to or greater than -5%), the convergent iteration was taken for that iteration 
signifying all conditions are met. The subsequent loadings and end-member 
composition matrices were then back-transformed to the original scale.
6.8 Isotope Analysis
6.8.1 GC/M S Screening
For each sample, a single ion monitoring (SIM) and a full scan run were performed. 
SIM included monitoring of six ions ( m / z  256, 292, 326, 360, 394, 430). The following 
temperature program was used: 3 min at 130 °C, increased to 200 °C at 10 °C/min (held
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for 5 min) and to 320 °C at 2 °C/min (held 5 min). The SIM and full scan 
chromatograms (full scale and scaled to PCB compounds) for each sample, including an 
Aroclor 1260 standard for comparison, are provided in Appendix E. The numbers of 
select PCB congeners are indicated.
6.8.2 Chlorine Analysis
Analysis o f8 37Cl of the PCB congeners PCB-180, PCB-149, and PCB-110 was 
performed using a gas chromatograph -quadrupole mass spectrometer system 
(GC/MS) according to a standard isotope bracketing procedure originally developed for 
837C1 analysis of DDT, polychlorinated ethenes, and polychlorinated phenols (Aeppli et 
al. 2010, 2013). This method was adapted for PCBs, and this study is the first time it 
has been recorded for this application. The method is based on the simultaneous 
monitoring ion traces of isotopomers differing in one isotope: specifically, the ion trace 
of each respective PCB congener containing only 35C1 (“light” mass trace), and the 
corresponding ion trace of the PCB congener containing one 37C1 atom (“heavy” mass 
trace). Pure PCB congeners were used as isotopic standards and were obtained from 
Sigma-Aldrich (PCB-180) and Cambridge Isotope Laboratories, Inc. (PCB-110 and 
PCB-149). Isotope ratio calculations for PCB-149 andPCB-110 were performed in an 
analogous manner. The GC-MS system (Agilent 7890B GC coupled to a 5977 MS) was 
equipped with a multimode injector (operated in split/splitless mode at 300 °C with 
splitless injection) and a J&W-XLB capillary column (60 m, 0.25 mm i.D, 0.25 pm film). 
1 pL of sample was injected in splitless mode into an Agilent multimode injector 
(injection temperature 300 °C) using an autoinjector (Agilent 7693A). The following 
temperature program was used: 5 min at 130 °C, ramped to 200 °C at 10 °C/min, to
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285°C at 2°C/min, and to 320 °C at 30 °C/min (held for 5 min). Ultra high purity He 
was used as carrier gas in constant flow mode (1 mL/min). The following SIM traces 
were monitored with a dwell time of 50 ms per mass: m / z  290 and 292 (for tetrachloro- 
PCBs), m / z  324 and 326 (for PCB-110), m / z  358 and 360 (for PCB-149) and m / z  392 
and 394 (for PCB-180). Four retention windows were created (starting at 10, 33, 38.75, 
and 47 min) in order to keep the sampling rate at the maximum frequency. The transfer 
line into the MS was kept at 300 °C, the MS source at 230 °C, and the MS quadrupole at 
150 °C. The MS operated with an electron energy of 70 eV. All other MS source 
parameters (such as emission current) were tuned daily to their optimal values using 
Agilent’s automated tuning method. Data were recorded using the Masslab software 
(Fisons) and converted to text files, which were evaluated using an R script (The R 
foundation for statistical computing, www.r-project). Peak and background 
identification were performed by analyzing the slopes of the mass traces following 
established procedures from Ricci et al., (1994). All of the chlorine isotope analysis was 
performed at Bigelow Laboratory for Ocean Science in East Boothbay, ME.
Several sediment and tissue extracts from the first phase o f the forensic study were 
retained for potential isotopic analysis (see Table 6.7). These sample extracts 
represented sediments from the reference locations, the Site 49F source and its 
downstream sediment locations, several fish species, a National Bureau of Standards 
(NBS) tissue reference sample, and an Accustandard Aroclor 1260 standard with and 
without sample extraction and cleanup manipulations. The latter samples were 
targeted for isotopic analysis in order to evaluate the overall accuracy of the isotope 
bracketing method and the potential isotopic fractionation that occurs during the 
sample extraction, GPC and SPE cleanup, solvent exchange, and volume reduction
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steps. The selection of sediment and tissue samples was based upon concentrations of 
key congeners and overall peak purity, which is essential for isotopic analysis. The 
congeners selected for isotopic analysis were also selected based upon: concentrations 
present, co-occurrence in sediment and tissue samples, and chromatographic peak purity 
as ascertained by full scan screening of each sample.
Table 6.7.Samples Targeted for Chlorine and Carbon Isotopic Analysis
No Sam ple
Identification
C om m ent 8 Cl 813C
1 Aroclor 1260 Neat Solution of Aroclor 1260 X
2 1260 Process QC Aroclor 1260 work-up X X
3 Ref Area7-Sediment Sediment extract X
4 SB01 Sediment extract X X
5 SB-07-49 Pool Sediment extract X X
6 Sediment2 Sediment extract X X
7 Sediment3 Sediment extract X
8 Sediment8 Sediment extract
9 Tissue3 Tissue extract X
10 Tissue6 Tissue extract X
11 Tissue9 Tissue extract
12 Tissuel 1 Tissue extract
13 Tissue12 Tissue extract
14 Tissue 13 Tissue extract
15 Tissuel 5 Tissue extract X
16 Tissuel 6 Tissue extract X
17 Tissuel 7 Tissue extract X
Although each of the samples were submitted for chlorine and carbon isotopic 
analysis, the last two columns in Table 6.7 indicate those that received analysis. Other 
samples did not undergo analysis, due to analytical issues defined later.
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537C1 Calculations
In a molecule containing n chlorine atoms, the probability P* of an isotopologue 
containing z 31 Cl and (n-z)  3SC1 atoms is (Hunkeler, 2009):
('3 )
Where: X37CI and Xssci are the relative abundances of 37C1 and 35C1, respectively.
As Pr is proportional to the area A* under the mass trace o f the corresponding 
isotopologue in the chromatogram, the ratio o f the areas from the two isotopologues 
containing one and zero 37C1 atom, respectively, is:
Where Rci is the chlorine isotope ratio (37C1/35C1). Therefore, the chlorine isotopic 
composition of PCB-180 was calculated from the areas of m / z  394 peak (Aim/z394; 
isotopologue 12Ci235Cl637Cl) and m / z  3 9 2 peak (Aom/z392; isotopologue 12Ci2s5Cl7):
. 771/Z394
R c T = l7 * % T s 9Z (15)
Ao
Calculation of Reference 837C1 Values.
Ratios R  of “heavy” and “light” mass traces are calculated for a sample (R,amPu) and an 
isotopic standard (RJ). Thereby, the isotopic standard is the same compound as the
1 0 0
sample (i.e., the same PCB congener). 837Clraw values (in %o vs the isotopic standard) are 
calculated as follows:
8 3 7 C l r a w  =  ( R s a m &  -  l )  * 1000  (16)
V R std . '
In this study, 8S7Clraw values are reported. If an isotopic value of the isotopic 
standard relative to standard mean ocean chloride (SMOC) is known, 837C1 values (in %o 
vs SMOC) can be calculated as follows:
8 3 7 C l  *  8 3 7 C l r a w  +  8 3 7 C l s t d  (17)
The 837C1 values of the isotopic reference standards were determined in an external 
lab (IT2 Isotope Tracer Technologies Inc., Waterloo, ON, Canada) using off-line 
conversion of pure PCB congeners to CHsCl (via oxidation to inorganic Cl) and 
measurement against SMOC on an isotope ratio mass spectrometer (IRMS), following 
the method o f Shouakar-Stash et al. (2006).
Note that a PCB congener with two 13C and only 35C1 has the same mass as one with 
only 12C and one S7C1. However, as explained in Aeppli et al. (2010), this effect does not 
significantly influence the S37C1 result, if the isotopic standard and the sample both have 
8 13C values that are within 2%o.
Determination of Optimal Concentration.
Analytical uncertainties < 2%o in 837C1 were achieved for concentrations as low as 
600 ng/m L for PCB-180, 300 ng/m L for PCB-149, and 800 ng/m L for PCB-110. To
1 0 1
achieve these concentrations, select samples were concentrated under a stream of N 2 (up 
to 10 times concentration). Care was taken not to blow the samples dry, as evaporation 
of PCB potentially influences its 5S7C1 value.
Correction for Linearity Effect.
It is known that 537C1 values vary, depending on the concentration of the 
isotopic standard relative to the sample (linearity effect). To overcome this effect, the 
concentration of the isotopic standards was adjusted to match that of each sample 
within ±50%. For further correction, the linearity effect was evaluated for each 
congener, and a correction factor was determined, based on linear regression of 
measured 8S7C1 value vs. sample/standard ratio (see Figure 6.9). This correction factor 
was applied to all results o f PCB-149 and PCB-110 (see Appendix Table G .l). A 
correction factor for PCB-180 was not applied, as the linear regression was poor.
Several samples w'ere run at different sample/standard ratios, in order to successfully 
confirm the validity of this correction.
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Figure 6.9.Concentration Dependency (linearity) of 537CI Values. Isotopic standards 
(treated as “samples”) measured against themselves (treated as “standards”) at 
varying concentrations. For PCBs with R2> 0.5, correction factor resulting from linear 
regression of the data were used to correct the isotopic data.
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Carbon stable isotopic ratios were measured on a gas chromatograph — combustion 
-  isotope ratio mass spectrometer system (GC-C-IRMS) consisting o f a GC (Trace 
1310, Thermo Scientific), coupled to an IRMS (Delta V, Thermo Scientific) via a 
combustion interface (GC isolink, Thermo Scientific) operated at 1000°C. The method 
was modified from a described method for 813C analysis of polychlorinated phenols 
(Aeppli et al, 2010). The GC was equipped with a split/splitless injector (operated at 
300 °C) and a J&W XLB capillary column (60 m, 0.25 mm i.D., 0.25 pm film). Sample 
volumes of 5 pL were injected using an autoinjector (Thermo Al 1310) in splitless 
mode, and the following temperature program was used: 5 min at 130 °C, and increased 
to 320 °C at 2 °C/min (held for 5 min). Ultrapure He at a constant flow of 1.4 mL/min 
was used as carrier gas. Each sample was measured in five replicates, and peaks of 
select PCB congeners were manually integrated.
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Isotopic reference material. A two-level isotopic calibration strategy was used for the 
carbon isotope analysis: (i) CO2 calibration gas was calibrated against VPDB with 
standard reference materials. This reference gas was used to internally calibrate the 
IRMS in the beginning of every run. (ii) The accuracy of the GC-C-IRMS was tested 
daily by injecting an isotopic standard mixture (w-alkane standard solution measured 
against VPDB, obtained from A. Schimmelmann, University of Indiana).
The stability o f the GC-C-IRMS system for 8 13C analysis o f PCBs was tested daily, 
by injecting a standard solution of PCB congeners. Deteriorating reactor conditions 
(due to poisoning of the oxidation reactor caused by CuCl formation) were detected by 
decreasing 8 13C values of this PCB standard by several %o-units, necessitating the 
replacement of the oxidation reactor after approximately 50 to 100 measurements. 
Detection limit /  linearity. A dilution series of a PCB standard solution (PCB#2 
standard solution, Restek Corp. Bellefonte, PA) was used to verify that 8 ,SC values were 
linear down to 100 mV (e.g., no change in 513C values with decreasing concentration 
within analytical uncertainty). This corresponded to a detection limit of approximately
1,000 ng/m L for the investigated congeners. To achieve this concentration, samples 
were concentrated under a stream of N 2.
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7: RESULTS AND DISCUSSION
7.1 Results and Data Analysis of PCBs in Soils and Sediments
The quantitative results from the analysis of the soils in the terrestrial transport 
pathway from the Site 49F source area, through tributary C, and to further downstream 
locations, are shown pictorially in Figures 7.1 to 7.5. Total PCB concentrations in 
surface and subsurface soils o f the Site 49F pool source were 57 and 58 ppm, 
respectively. The last soil sample taken prior to entering the concrete culvert (SOOl) 
showed total PCBs at 680 and 260 ppb in the surface and subsurface soils, respectively. 
Exiting the concrete conveyance on the other side of Rochambeau Road (S004), the 
concentrations were 290 and 400 ppb. Soils and sediments are further transported 
through this conveyance via mobilization, deposition, and remobilization during 
alternating wet and dry conditions indicative of normal rainfall patterns. During dry 
weather, little or no transport likely occurs in the upper part of the tributary. Water 
velocity and soil/sedim ent particle characteristics are likely the two main factors 
influencing the movement of soil and sediment and the adsorption of chemicals onto 
their surfaces. There was a decreasing trend in total PCB concentrations, with 
increasing distance from the Site 49F source down to depositional area 2. As previously 
stated, most o f tributary C was found to be sandy, with little leaf litter and TOC. 
Concentrations of TOC exceeding 1% were not found until locations in further down- 
gradient samples approaching depositional area 2 where both TOC and PCB 
concentrations increased again (DRC-SD01-SD03). Generally, PCB concentrations 
correlated with TOC. Subsurface concentrations were generally higher than surface 
concentrations, but those differences became less noticeable approaching depositional 
area 2. Numerous locations throughout segment C of the tributary showed no
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detectable concentrations of PCBs, and this was particularly noticeable with samples 
taken in the fringe locations. Collectively, this supports the preliminary conclusion that 
this is a high-energy part of the tributary and that most adsorbed PCB-particulates are 
washed through this area and transported directly to the aquatic opening of the 
tributary, to depositional area 2, and to further down-stream locations. Other inlets to 
tributary C (A, B, and D) were also sampled in the upper reaches of each and were found 
to have very low concentrations of PCBs. Of these, tributary D was found to have a 
total PCB concentration of 20 ppb in the subsurface, despite a fairly high TOC 
concentration of 9.4%. As the PCB profiles in these sub-tributaries match the PCB 
fingerprint of the upper portion of tributary C, it is likely that the PCBs in these areas 
are residual contamination from Site 49F, and not from other sources. Further 
downstream sediment cores were taken in area 1 (Figure 7.2) and area 2 (Figure 7.3). 
The highest concentration was found in sample PPl-ASDOl (201 ppb), which is 
immediately downstream of tributary C. The trends in these areas also follow a positive 
correlation with TOC and a decrease in concentration going further down-gradient 
from depositional area 2. However, PCB concentrations in the surface samples in areas 
1 and 2 are orders of magnitude higher than those in the subsurface. This suggests that 
during rain events, historical lenses of PCBs in and around depositional area 2 are 
resuspended and settle in surface sediments downstream. Two samples were taken in 
area 3 (Figure 7.4) where the TOC was less than 1% and PCBs from the surface down to 
24” were fairly consistent from 4 to 9 ppb. On the other side of the connection tunnels, 
PCBs in area 4 (Figure 7.5) increased slightly, but this is likely because the associated 
TOC was also higher than area 3. Three separate locations (reference areas 5, 6, and 7) 
were selected for sediment sampling to examine potential inputs from non-Site 49F
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sources. Reference area 5 was selected based upon the results o f a sediment transport 
model performed in 2009 (CH2Mhill, 2009). Receiving water velocity vectors and 
gradients from that study are shown in Figure 7.6 for the upper reservoir branch where 
sub-watershed 29 (including Site 49F) discharges. The upper panel of the figure 
illustrates the velocity vectors. Velocities were calculated to be slightly higher at the 
initial point of discharge from the watershed, but all below 0.15 feet/second. All 
velocity vectors point downstream in the branch towards the main stem of the upper 
reservoir. An eddy forms at the branch confluence with the main stem with a counter­
clockwise pattern. Reference area 5 locations based upon this model would be up- 
gradient of influence from Site 49F inputs. Flow fields are all directed toward the 
concrete box culvert and the submerged CMP passing through Airport Road, where 
velocity fields increase as the cross-sectional area of flow decreases. Flow fields then fan 
out and velocities quickly dissipate entering the lower reservoir, with an eddy forming 
again on the southeast side of Airport Road. If sedimentation is occurring from sources 
in sub-watershed 29 (tributary C from Site 49F), it is most likely occurring in a limited 
depositional track along the velocity lines shown in the figure. This track would be 
from the sub-watershed 29 branch in a line towards the box culvert and submerged 
CMP under Airport Road and possibly in the eddy that is calculated in the southeastern 
corner of the upper reservoir adjacent to Airport Road. This deposition pattern 
indicates that sediment loading from sub-watershed 29 is unlikely to impact an 
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Figure 7.6 Velocity Vectors From Hydrologic Study. (CH2Mhill 2009)
As part of that hydrological study, the authors also calculated that sub-watershed 29, 
including Site 49F, drains approximately 93.1 acres, or 2.2 percent of the total Waller 
Mill Reservoir watershed. Drainage to Depositional Area 1, which includes Site 49 F, 
was calculated to be approximately 23.3 acres. This is 24.9 percent of the drainage to 
the reservoir branch and 0.56 percent of the total reservoir watershed. Sub-watershed 
25 (which includes reference areas 6 and 7) drains 310 acres and 7.5 percent of the total 
reservoir watershed. Estimated sedimentation rates from the referenced hydrogeologic
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study are 0.5-0.7 inches per year for the head of sub-watershed 29 inlet in the southeast 
corner of the upper reservoir west of concrete box culvert, and 0.1-0.5 inches per year in 
the lower reaches of reference areas 6 and 7. Reference locations 6 and 7 (Figures 7.8 
and 7.9, respectively) were selected, as they are on the far end of the lower reservoir.
REF5-SD01 REF5-SD02
0-6" 20.2 ppb 0-6" 29.4 ppb
Figure 7.7 PCBs in Sediments From Reference Area 5.
These areas are closer to potential anthropogenic sources o f Williamsburg and an 
existing suspended power distribution line that runs across area 7. PCB 
concentrations ranged from 5 to 51 ppb in reference area 6 (Figure 7.8). For most 
sample locations, PCBs were higher in the surface sediments, except for sample Ref-
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6-ASD-02, which was located farther up the inlet where the TOC was highest (7.5%). 
Reference area 7 (Figure 7.9) had the highest concentrations of PCBs in any of the 
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Figure 7.8 PCBs i n  Sediments from Reference Area 6.
Sample Ref-7-ASD03 had a total PCB concentration of 1.4 ppm in the subsurface 
sediments. Other samples within reference area 7 ranged from 2-102 ppb in the surface 
sediments and 3-26 ppb in the subsurface. This excessive concentration gradient in the 
reference 7 transect indicates an isolated pocket of PCB contamination in the subsurface 
that was likely the result of a single event and is now largely capped due to
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sedimentation in this low-energy location. Reference areas 6 and 7 were very shallow 
and appeared to be rather stagnant and anoxic with heavy algae growth. Inlets to these 
areas were more open without any obvious stormwater conveyances.
REF7-CSDQ1 
0 4 " '9 .4  ppb
REF7-CSD03 REF7-ASD0J 
04 ‘  894 ppb
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Figure 7.9 PCBs in Sediments From Reference Area 7.
7.2 Analysis of PCB Profiles in Sediments
Figure 7.10 shows the distributions of specific congeners in popular Aroclor 
formulations and in those obtained from the soils and sediments from this study. The 
top figures show the profiles o f common Aroclor formulations. From a visual 
comparison, reference samples from areas 6 and 7 both appear to have a more
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predominant Aroclor 1254 profile, while the congener profile from reference area 5 and 
SB04 (Site 49F) has a strong correlation to Aroclor 1260. The bottom traces for sub­
surface samples taken down-gradient from Site 49F (PP2SD03-sub) clearly show how 
weathering processes have changed the original (and surface) profiles, confounding 
identification and source attribution. However, reference 6 and reference 7 sediment 
samples have shown fairly little alteration in the subsurface samples. As mentioned 
earlier, PCB degradation from biological reduction transforms higher chlorinated 
congeners to lower chlorinated analogs. However, the extent of microbial 
dechlorination is dependent upon the concentration of PCBs present, and the location of 
the chlorines on the biphenyl molecule and the number and positions of other chlorines 
present, as well. Understanding the preferential degradation pathways and likely 
daughter products can greatly aid in parent source attribution. Congeners with a high 
resistance to dechlorination are those with ortho-substitutions, mono-substituted, or 
non-para substituted rings. Further, meta-substituted chlorines are more prone to 
preferential reduction.
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Figure 7.10 Congener Profile Fingerprints in Common Aroclor Formulations and 
Sediments from Site 49F and the Reference Locations.
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The presence of adjacent chlorines increases susceptibility and double-flanked chlorines 
greatly increase the possibility of chlorine reduction. Over time, ortho-substituted PCB 
congeners will increase in relative concentration in deeper, anoxic, and quiescent 
sediments. Lastly, congeners with seven and higher chlorines are all considered to be 
more resistant to biological mediated degradation in anoxic environments (Bednard, 
1996). Aroclor 1260 contaminated sediments (Site 49F and Reference area 5) have a 
much higher relative concentration of higher chlorine congeners (hexa- and hepta- 
homologs) whereas Aroclor 1254 ( areas 6 and 7) has a higher relative concentration of 
penta-homologs. PCB 11 was the most prevalent dichloro-PCB found in many of the 
surface and subsurface Site 49F and reference samples. Its presence in most samples 
taken throughout the reservoir suggests that it is a more prevalent PCB that is not a 
result of Aroclor spills or their degradation products. In addition, PCB 206, 207, 208, 
and 209 were also found in higher concentrations in reference area 7 sediments. In a 
previous study by Hu and Hornbuckle (2009), sediment cores in Lake Ontario detected 
PCB 11, and heavily chlorinated congeners PCB 206, 207, 208, and 209. According to 
sediment dating, the authors found these congeners to reach a peak in the 1950s, and 
then to decline and peak again in the 1970s or early in the 1980s. All of these PCBs had 
been consistently detected in commercial azo and phthalocyanine paint pigments, and 
were absent or in very low relative concentrations in commercial Aroclor mixtures. 
That study found PCB 11 to be one of the most common anthropogenic PCBs found in 
urban environments. In addition, the widespread use o f these (azo and phthalocyanine) 
pigments explains the presence of PCB 11 in commercial goods common throughout 
modern society, such as newspapers, magazines, and cardboard boxes (Rodenburg et ai, 
2009).
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To further evaluate the similarities and differences of PCB profiles in sediments, 
Excel Stat was used to produce a similarity dendrogram (Figure 7.11) by first 
calculating a proximity matrix using Pearsons correlation coefficients (Appendix Tables 
1.1, 1.2, and 1.3). The dendrogram was generated by agglomerative hierarchical 
clustering (AHC) using un-weighted pair-group averaging and a truncation level of 
0.05. There is a strong similarity in congener concentration profiles of sediment 
samples in the top portion o f the dendrogram. All of the samples were collected in the 
Site 49F conveyance immediately down-gradient from the source and extending to the 
most upgradient samples taken in preferential pathway 1. The only sample in the upper 
part of the dendrogram that was not collected in the Site 49F conveyance was one 
surface sediment sample from reference area 5 (2REF5A-0-6). In addition, samples 
within the same depth profile were more correlated with each other. Correlation 
(>0.950) was highest in samples from the initial down-gradient conveyance o f tributary 
C (DRC-sediment samples), but the correlation attenuates in the samples taken from the 
fringe (DRA-, DRB- and DRD-) inlet sample locations. Concentration profile 
similarities between samples closer to the pool source (SB04) and more downstream 
locations (e.g. DRC-03) have lower correlations with few exceptions. This decrease in 
PCB concentration correlation in both depth and distance from the source is expected, 
and is likely a result of selective weathering processes. However, almost all of the 
samples from the Site 49F conveyance area that were taken in lower locations of 
preferential pathway 1 and farther down-gradient were actually in the bottom third of 
the dendrogram and were more highly correlated with reference area locations. For 
example, reference area 6 (1REF6C 0-6) is highly correlated (>0.99) with a sediment 
sample from preferential pathway area 2 (P2A4 ) and reference area 7 (2REF7C 0-6) is
1 2 0
highly correlated (>0.99) with a sediment sample from preferential pathway area 4 
(P4A2). The only sediment samples in this section of the dendrogram that were not 
from locations more downgradient from preferential pathway 1 were subsurface samples 
DRC-15, -16, and -18. These three samples were all collected in tributary C, with total 
PCB concentrations less than 13 ppb and very low TOC values. These samples also 
correlated with corresponding sediment samples also containing very low TOC and 
total PCB concentrations. As many of the PCB congeners were not detected in these 
samples, it is assumed that the use of concentration profile correlations at low total PCB 
concentrations may have limited utility in PCB fingerprinting. An additional 
observation is that both location and depth correlation clusters appeared to be more 
prominent in the top part of the dendrogram (samples taken in tributary C), but were 
not as significant for samples in the bottom portion of the dendrogram (reference 
samples and Site 49F samples taken within the reservoir proper). Therefore, although 
there are distinct PCB congener profile differences in sediments from Site 49F and 
reference areas 6 and 7, similarities are diminished in sediments within the reservoir 
proper locations. In addition, stratification of depth profiles in tributary C and the lack 
of these similarities in locations farther down-gradient from area 1 complement the 
earlier conclusions of the sediment transport model that PCB-adsorbed particulates are 
more readily resuspended and carried into the reservoir from these locations. 
Conversely, sediments from the reference locations (REF 6 and REF 7) are low energy 
environments and are less likely to be dispersed.
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DRC =49F Tributary C
PlA2 = 49F Preferential Pathway
(Areal Transect A2)
REF = Reference Area
Outlet = Outlet of 49F Tributary
C
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Figure 7.11 Dendrogram Showing Relative Correlations of Sediment Samples.
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7.3 Results and Data Analysis of PCBs in Fish
The tabulated summary statistics of the PCBs found in each species of fish tissue 
can be found in Appendix D and are shown graphically in Figures 7.12 through 7.16 
below. For each plot, the solid bar represents the average concentration for each 
congener and the error bars represent one standard deviation. Carp (Figure 7.12) had a 










Figure 7.12 PCB Congeners in Carp.
Carp had a very low average lipid content of 1.38% and were dominated by congener 
group (138/163/129), congener group (180/193), and congener 174. (Congeners in 
bold are those primarily found in the respective Aroclor mixtures within the co-
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elution group indicated.) These congeners are common to Aroclor 1260 
formulations (Site 49F and Reference 5 profiles). Figure 7.13 shows a graphical 
profile of the PCB congeners in catfish. The average lipid content found in catfish 
was much higher, at 7.3%. There was a wider distribution of congeners detected 
(124) in catfish with all homolog groups being represented. Predominate congeners 
found in catfish were congener group (l 13/90/101), congener group (110/115), and 
congener group 147/149. All o f these congeners are common to both Aroclor 1260 
and 1254, although congeners 101 and 115 are found in higher concentrations in 
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Figure 7.13 PCB Congeners in Catfish.
Gizzard shad (Figure 7.14) had the highest detected values of congeners which is 
expected as they also had the highest average lipid content o f any species evaluated 
(l 1.75%). Although gizzard shad are mainly filter feeders, PCBs are lipophilic and 
become quickly bioconcentrated in shad tissues higher in fat content than the other 
species. There were 139 out of the possible 209 congeners detected in gizzard shad, and 
the predominant congeners were congener group (138/163/129), congener group 
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Figure 7.14 PCB Congeners in Gizzard Shad.
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Figure 7.15 PCB Congeners in Striped Bass
Congener 153 is also found in Aroclor 1254. Results of the congener profile for striped 
bass are shown in Figure 7.15. Striped bass had an average lipid content of 4 % and 
contained a total of 125 out of a possible 209 congeners with all homolog groups 
represented. The highest detected congeners were congener group (153/168), congener 
group (180/193), and congener group (1 3 8 /1 6 3 /129). These congener detections and 
distributions are nearly identical to those found in gizzard shad. As gizzard shad are 
likely a primary diet item for striped bass, this correlation is not unexpected. The 
relative similarity in the profiles also suggests that there is not a significant degree o f  
selective bioconcentration and/or metabolic breakdown of the profile in passing 
through this foodweb. Lastly, the detected congener profile for small class fish 
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Figure 7.16 PCB Congeners in Bluegill (small class fish).
Bluegill had a lipid content of 4.1%. There was a wide distribution of congener 
detections in bluegill with all homolog groups represented. There were 140 different 
congeners detected, which was the highest distribution of all species evaluated. The 
predominant congeners detected in Bluegill were congener group ( 1 3 8 / 1 6 3 / 129), 
congener group (110/115), and congener 11. PCB 11 is not known to be 
bioaccumulative. As the small class fish were whole-body composites, it is possible that
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the presence of PCB 11 is due to food stuffs in the gut and not representative of a 
bioaccumulated congener.
7.3.1 Dietary Considerations in Fish Species
The differences in congener profiles between the species are likely a manifestation 
of their different diets, their habitat preferences (and therefore exposure), and their 
metabolic functions. According to a study by Shireman and Smith (1983), grass carp 
(Ctenopharyngodon idella) are herbivores that consume not only more plant species, but 
tougher ones, than do smaller specimens. The proportion of plant foods in the diet 
increases with age throughout juvenile life. Percent composition by weight o f gut 
contents was 75% vegetative matter, 20% zooplankton, and 5% benthos in yearlings; 
75% plants and 25% in 2+year-olds; and 90% plants and 10% pellets in 3+year-old fish.
Striped bass (Morone saxatilis) are voracious feeders and generally feed on the most 
available and abundant invertebrates and forage fish o f the appropriate size. Initially, 
small bass feed on tiny crustacean plankton, but after a few weeks, the favorite food 
becomes amphipods. Larger striped bass tend to prefer larger food items, including 
shad, young striped bass, and other small fish. In fresh water (such as the reservoir 
under study here), fish less than approximately 50 mm feed primarily on crustacean 
zooplankton such as cladocerans and copepods. Insects of various types and 
zooplankton continue to be a major part of the diet until the fish are 100 to 125 mm 
long. Hybrids switch to a fish diet at a very small size if appropriate-sized fish are 
available. However, this transition usually occurs when the hybrids are larger than 100 
mm. Threadfin shad and gizzard shad are the most common fish prey species. However, 
many species of forage fish have been found in stomachs of hybrids. There is seasonal
128
variation in feeding habits with a shift towards larger organisms in the winter and 
summer (Hodson, 1989).
Channel catfish [Ictaluruspunctatus) are usually found where bottoms are sand, 
gravel, or rubble, in preference to muddy bottoms. Feeding can occur during day or 
night, and they will eat a wide variety of both plant and animal material. Channel 
catfish usually feed near the bottom in natural waters, but they will take some food from 
the surface. Based on stomach analysis, young catfish feed primarily on aquatic insects. 
The adults have a much more varied diet, which includes insects, snails, crawfish, green 
algae, aquatic plants, seeds, and small fish. When available, they will feed avidly on 
terrestrial insects. Fish become an important part of the diet for channel catfish larger 
than 18 inches total length, and in natural waters, fish may constitute as much as 75 
percent of their diet (Wellborn, 1988).
Gizzard Shad (Dorosoma cepedianum) are omnivorous filter feeders, taking both 
phytoplankton and zoo plankton. The adults have more than 400 fine gill rakers that 
can catch minute plankton. Gizzard Shad have an unusual digestion process for fish. 
The vegetable material they eat is ground in a gizzard-like stomach. Some bottom 
material is often ingested while feeding. In lakes, young fish (« 35 mm total length) feed 
almost exclusively on zooplankton (Barger and Kilambi, 1980) while larger fish 
consume detritus, phytoplankton, zooplankton, and insect larvae and exuviae (Minckley, 
1963).
The bluegill sunfish Lepomis macrochirus (also called bream or brim) feed on a wide 
variety of natural foods, including insect larvae, insects, zooplankton, small fish, fish 
eggs, snails, and crayfish. They also eat some vegetation (Stone, 2008). Bluegill have a 
home range of about 320 square feet (Paulson et al., 2004) during non-reproductive
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months, and therefore their PCB body burdens may be more representative of the 
respective collection locations to which they were exposed.
All o f the larger fish evaluated are thought to have a large home range with little site 
fidelity relative to the location o f their collection. In addition, because they are larger 
and older, their total PCB body-burdens represent bioaccumulated exposure over the 
course of a longer period of time. Therefore, it cannot be assumed that the tissue 
profiles are representative of the immediate environment from which they were 
collected.
7.3.2 Comparison of Congeners in Sediments and Small Class Fish 
Although small class fish may have incidental exposure to sediments during feeding, the 
majority o f exposure is due to ingestion of insects, larvae, smaller fish, and zooplankton. 
As this is lower in the food chain compared to larger fish, there is less influence of 
metabolic influences to modifying the PCB profiles found in fish tissue, relative to those 
in the surrounding milieu. In addition, if the smaller class fish collected have a higher 
degree of site fidelity, then PCB profiles may be retained and have a higher forensic 
value. To further evaluate this possibility, comparison of the relative PCB profiles of 
smaller class fish with respect to the profiles of surface and subsurface sediments taken 
in the Site 49F transport pathway from which they were collected are found in Figures 
7.17 and 7.18. In each Figure, the top plot shows the average normalized concentration 
profiles of congener distributions in sediment samples taken in Site 49F conveyance 
areas down-gradient from tributary C, and the bottom profile is the average normalized 
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Figure 7.17: Average Normalized PCB Profiles of Surface Sediments and Small Class 
Fish Tissue Taken in Corresponding Areas (Preferential Pathway Areas 1 and 2) Down- 
gradient From Site 49F.
There are no obvious differences between the relative PCB profiles of the surface 
sediments and co-located small-class fish taken in the same area. This comparison was 
also performed using subsurface sediments from preferential pathway 1 and 2 (Figure 
7.18). There was a higher relative prevalence of the lower chlorinated congeners in the 
subsurface sediments than those found in the fish composites collected in the same area.
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Figure 7.18: Average Normalized PCB Profiles of Subsurface Sediments and Small 
Class Fish Tissue Taken in Corresponding Areas (Preferential Pathway Areas 1 and 2) 
Down-gradient From Site 49F.
Conversely, there was a higher relative concentration of the higher chlorinated 
congeners in the small-class fish composites that was not observed in the corresponding 
subsurface sediments. These PCB profiles would suggest that most bioaccumulated 
exposure is via prey items with highest exposure to surface sediments, and that there 
are biodegradation processes occurring in the subsurface sediments in this area.
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Figure 7.19: Average Normalized PCB Profiles of Surface Sediments and Small Class 
Fish Tissue Taken in Corresponding Locations of Reference Area 6.
Similar observations are seen in Figure 7.19, showing sediments from reference area 6 
surface sediments, and Figure 7.20 shows subsurface sediments and three small class 
fish composites (BFS-09, -10, and -1 1) collected within the same reference 6 locations. 
There were no observed differences between the relative surface or sub-surface 
sediment and fish profiles co-collected in reference area 6. However, the differences in 
PCB profiles between small class fish and sediments collected in reference area 7 did not 
show the same relative correlated profile relationships.
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Figure 7.20: Average Normalized PCB Profiles of Subsurface Sediments and Small 
Class Fish Tissue Taken in Corresponding Locations of Reference Area 6.
Figure 7.21 shows the surface sediment andsmall class fish PCB profiles in 
reference area 7. The PCB profiles o f small class fish samples (BF-013, -014, -015, 
and -016) collected in reference area 7are different than those in the surface 
sediments in this area or the subsurface sediments (Figure 7.22). Small class fish 
contained a much higher relative proportion of mono- and dichlorinated PCBs as 
well as nona- and octa-chlorinated PCBs than relative concentrations in any of the 
reference area 7 sediments collected. The fish tissue also contained higher relative 
concentrations of PCB 206, 208, and 209. These highly chlorinated PCBs are not 
found in high concentrations in most Aroclor formulations. Therefore, this is 
likely indicative that, in addition to the Aroclor 1254 contamination already 
identified, there is also a presence of non-Aroclor PCBs in reference area 7.
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Finally, because the small class fish were actually represented as a composite of 
several species (Appendix Table H .l), it is also possible that some of these fish had 
broader home ranges than that of bluegill, and therefore the reference area 7 
sediment data that have been recorded here are not completely representative the 
actual PCB profiles o f Bluegill exposure and diet items. Reference area 7 small 
class fish composites contained a higher proportion of Redear sunfish (Lepomis 
microlophus) than those collected at other locations.
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Figure 7.21: Average Normalized PCB Profiles of Surface Sediments and Small Class 
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Figure 7.22: Normalized PCB Profiles of Subsurface Sediments and Small Class Fish 
Tissue Taken in Corresponding Locations of Reference Area 7.
According to Twomey et al. (1984), redear sunfish prefer warm and calm or stagnant 
waters. As a result, their preferred habitat is restricted to ponds, lakes, river 
backwaters, and reservoirs. The river habitats in which they are found tend to be large 
and slow flowing, with moderate amounts of aquatic vegetation. Redear sunfish are 
mainly found in water that is at least 2m deep. They are mainly bottom feeders. Fry 
stay in deep waters and feed on algae and microcrustaceans. Juveniles eat insects, insect 
larvae, and small snails. Once their jaws fully develop, usually at about one year of age, 
they begin to feed exclusively on snails. Adults feed on snails, aquatic insects, copepods, 
and organisms with hard shells, such as crustaceans. Evidence suggests that redear 
sunfish prefer snails with moderate shell thickness, as opposed to thin or thick shelled 
snails (Stauffer et al., 1995). Little is known about the home range of redear sunfish.
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However, according to Gothreaux, (2008) they are assumed to have a home range 
similar to their close relatives, pumpkinseed sunfish, which have home ranges o f about 1 
hectar. Therefore, as sunfish are thought to have slightly broader home ranges than 
bluegill, and their primary diet (molluscivore) is slightly different as well, it is possible 
that the higher proportion of these species in the reference area 7 small class fish 
composites may be the reason for the lack of similarity between PCB profiles in 
reference area 7 sediments and these fish composites.
7.4 Polytopic Vector Analysis Results and Analysis
7.4.1 Determination o f End-Members
As previously mentioned, polytopic vector analysis (PVA) is a multi-step, 
mathematical modeling procedure with the following objectives: ( l)  determination of 
the number of original sources (end-members) that have contributed to the 
contamination in the system; (2) determination of the chemical composition 
(congener identification) of each source; and (3) the contribution of each source in 
each sample. After normalization procedures, the determination of the number of 
end-members (sources) for each fish species was calculated. The outputs for the 
criteria-based determinations are shown as Tables 7.1 through 7.4. The additional 
goodness-of-fit (CD) plots for the selected end-members for each fish species are also 
provided below each respective Table as Figures 7.23 through 7.26. The coefficient 
of determination (CD) between each variable (X) in the original matrix and its back- 
calculated reduced dimensional equivalent X  (using the number of end-members 
selected from the criteria-based methods) was calculated and is shown above each 
respective plot. For gizzard shad, five end-members (sources) were selected as
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meeting most of the criteria-based estimators, as indicated by the highlighted 
decision points for each. Subsequent CD plots for each of the prioritized congeners 
or congener groups for gizzard shad using the five end member back calculations are 
provided on Figure 7.23. Of the 22 diagnostic congeners and congener groups used, 
16 showed a coefficient o f determination of 0.8 or higher. The 6 congener or 
congener groups that showed a CD of less than 0.8 all had relatively low PCB 
concentrations, which may explain the low CD values. The CD plots suggest that 
the selection of five end-members is a reasonable estimate. Table 7.2 summarizes the 
criteria-based index summaries for blue gill. For blue gill, five end-members were 
also selected as meeting most of the designated criteria. The subsequent CD plots 
for bluegill shown in Figure 7.24 using five end-members for the back calculations 
show that 15 of the 22 diagnostic congeners had a CD greater than 0.8. Almost all of 
the congeners or congener groups that had a CD of less than 0.8 showed non­
correlated clusters at the extreme low end of the curves, indicating that noise due to 
low-level detections are likely affecting the CD results. Table 7.3 and Figure 7.25 
summarize the criteria-index results and the CD plots, respectively, for the catfish 
end-member determinations.
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P r in c ip a l  C o m p o n e n t  E v a li l a t io n  f o r  G izz
C u m u la t iv e
P e r c e n t
.a rd  S h a d
H e n r y 's
S ig n a l - to -
P C  N u m b e r E ig e n v a lu e V a r ia n c e N o rm a liz e d  V a r im a x  L o a d in g s N o is e  r a t io
1 1 1 .6 3 7 2 .9 3 8 8 F a c to r  1: 1 6  o f  17  s a m p l e s . 3 3 .7 5 7 3
2 2 .9 9 1 8 7 .7 9 1 3 F a c to r  2 : 1 4  o f  17  s a m p l e s . 1 4 .5 1 9
3 2 .3 4 9 1 .1 4 6 4 F a c to r  3 : 1 3  o f  17  s a m p l e s . 4 .4 6 2 1
4 2 .1 0 1 9 4 .0 5 3 4 F a c to r  4 : 5  o f  17  s a m p l e s . 3 .6 1 8 2
5 1 .3 2 5 9 6 .3 2 3 3 F a c to r  5 : 3  o f  17  s a m p l e s . 2 .2 1 8 9
6 0 .7 4 9 9 7 .9 1 8 8 F a c to r  6 : 2  o f  17  s a m p l e s . 1 .7 5 8 9
7 0 .2 6 5 9 8 .7 5 6 F a c to r  7 : 1 o f  17  s a m p l e s . 1 .0 9 2 4
8 0 .2 3 0 9 9 .2 1 3 4 F a c to r  8 : 1 o f  17  s a m p l e s . 0 .5 6 6 3
9 0 .1 9 8 9 9 .5 4 5 1 F a c to r  9 : 1 o f  17  s a m p l e s . 0 .4 7 1
10 0 .0 6 7 9 9 .7 7 0 8 F a c to r  10 : 1 o f  17  s a m p l e s . 0 .3 3 2 9
11 0 .0 4 6 9 9 .9 0 3 4 F a c to r  11 : 0  o f  17  s a m p l e s . 0 .1 0 6 3
12 0 .0 2 3 9 9 .9 4 0 2 F a c to r  1 2 : 0 o f  1 7  s a m p l e s . 0 .0 5 6 4
13 0 .0 1 2 9 9 .9 7 0 3 F a c to r  13 : 0  o f  1 7  s a m p l e s . 0 .0 4 6 4
1 4 0 .0 0 7 9 9 .9 8 7 5 F a c to r  14 : 0  o f  17  s a m p l e s . 0 .0 3 1 7
15 0 .0 0 1 9 9 .9 9 7 F a c to r  15 : 0  o f  1 7  s a m p l e s . 0 .0 1 5 2
16 0 .0 0 1 9 9 .9 9 8 7 F a c to r  16 : 0  o f  17  s a m p l e s . 0 .0 0 4 1
17 0 .0 0 1 100 F a c to r  17 : 0  o f  1 7  s a m p l e s . 0
Table 7.1: Criteria-Based Index Evaluations for Estimating the Number of Critical 
Components (End-Members) for Gizzard Shad. Selection Criteria Was Set at 95% 
Cumulative Percent Variance, inflection in the Normalized Varimax Loadings, and a 
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Figure 7.23: CD Plots for Gizzard Shad Using Five End-Member Back-Calculations.
P rin c ip a l C o m p o n e n t e v a lu a tio n  fo r B lue Gill
C um ula tive H enry 's
P e rc e n t S ig n a l-to -
PC N um ber E ig en v alu e V arian ce N orm alized  V arim ax  L o ad in g s N o ise  ra tio
1 10.2903 64.3145 F a c to r  1: 15 of 16 s a m p le s . 38.836
2 1.6173 74.4228 F a c to r  2: 11 of 16 s a m p le s . 8 .9932
3 1.2082 81.9738 F a c to r  3: 2 o f 16 s a m p le s . 7 .9109
4 0.9599 87.9732 F a c to r  4: 1 o f 16 s a m p le s . 4 .5112
5 0.8737 93.4339 F a c to r  5: 1 o f 16 s a m p le s . 2.7299
6 0.6109 97.2522 F a c to r  6: 5 o f 16 s a m p le s . 1.048
7 0.1974 98.486 F a c to r  7: 2 o f  16 s a m p le s . 0.6498
8 0.0996 99.1084 F a c to r  8: 2 o f  16 s a m p le s . 0 .8376
9 0.0675 99.5302 F a c to r  9: 1 o f 16 s a m p le s . 0 .3936
10 0.0530 99.8616 F a c to r  10: 1 o f 16 sa m p le s . 0.1378
11 0.0129 99.942 F a c to r  11: 0 o f 16 s a m p le s . 0 .0815
12 0.0033 99.9628 F a c to r  12: 0 o f 16 s a m p le s . 0.0222
13 0.0032 99.9829 F a c to r  13: 0 o f  16 s a m p le s . 0.0153
14 0.0018 99.9942 F a c to r  14: 0 o f  16 s a m p le s . 0.0121
15 0.0006 99.998 F a c to r  15: 0 o f  16 s a m p le s . 0 .0055
16 0.0003 100 F a c to r  16: 0 o f  16 s a m p le s . 0
Table 7.2: Criter a-Based Index Evaluations for Estimating the Number of Critical
Components (End-Members) for Bluegill. Selection Criteria Was Set at 95% Cumulative 
Percent Variance, inflection in the Normalized Varimax Loadings, and a Henry’s S:N of 2.
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Figure 7.24: CD Plots for Bluegill Using Five End-Member Back-Calculations.
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Four end-members were chosen for catfish, based mainly upon Henry’s signal-to- 
noise ratio and the subsequent CD plots. CD plots using five end-members showed a 
very poor coefficient for most congeners and congener groups. Using four end- 
members, 18 of the 22 diagnostic congener or congener groups had CD’s greater 
than 0.8. The CD plots for PCB 83/99, PCB 118, and PCB 174 showed extremely 
poor correlations (<0.39) and large scatter within a limited range (Figure 7.25). The 
original mass spectra for each of these PCBs were re-examined for each of the catfish 
samples, but integrations and ion ratios were all within acceptable criteria. The cause 
of the extremely poor performance of these PCBs could not be determined. Table 7.4 
summarizes the criteria-index results for striped bass, and the CD plots are provided 
as Figure 7.26. The criteria-based decision indices for striped bass were scattered 
between 3 and 6 end-members. Five end-members were chosen for striped bass, 
based mainly upon the CD plots. Using 5 end-members, 17 of the 22 diagnostic 
congener or congener groups had CDs greater than 0.8. Similar to catfish, PCB 174 
also showed poor correlation for striped bass. Carp did not undergo PVA, as there 
were an insufficient number of samples to confidently perform the analysis.
141
P rin c ip a l C o m p o n e n t e v a lu a tio n  fo r  C a t F ish
C u m u la tiv e H en ry 's
P e rc e n t S ig n a l- to -
PC  N u m b er E ig en v a lu e V arian ce N orm alized  V arim ax  L o a d in g s N o ise  ra tio
1 8 .5590 65.8381 F a c to r  1 :1 1  o f  13 s a m p le s . 18.1180
2 2.1920 82.6998 F a c to r  2: 11 o f  13 s a m p le s . 19.8972
3 1.0093 90.4638 F a c to r  3: 1 o f  13 s a m p le s . 4.4681
4 0.4871 94 .2104 F a c to r  4: 4  o f  13 s a m p le s . 3 .5618
5 0.4271 97.496 F a c to r  5: 5 o f  13 s a m p le s . 1 .1516
6 0 .1337 98.5248 F a c to r  6: 2 o f  13 s a m p le s . 0 .7498
7 0 .0929 99.2396 F a c to r  7: 2 o f  13 s a m p le s . 0 .8640
8 0.0552 99 .664 F a c to r  8: 1 o f  13 s a m p le s . 0 .3399
9 0.0230 99.8406 F a c to r  9: 1 o f  13 s a m p le s . 0 .0648
10 0 .0096 99.9148 F a c to r  10: 0 o f  13 s a m p le s . 0 .0728
11 0.0057 99 .9584 F a c to r  11: 0 o f  13 s a m p le s . 0 .0554
12 0.0039 99 .9886 F a c to r  12: 0 o f  13 s a m p le s . 0 .0372
13 0 .0015 100 F a c to r  13: 0 o f  13 s a m p le s . 0 .0000
Table 7.3: Criteria-Based Index Evaluations for Estimating the Number of Critical 
Components (End-Members) for Catfish. Selection Criteria Was Set at 95% 
Cumulative Percent Variance, inflection in the Normalized Varimax Loadings, and a 
Henry’s S:N of 2..
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Figure 7.25: CD Plots for Catfish Using Four End-Members for Back Calculations.
142

















Factor 1: 8 of 10 samples. 
Factor 2: 6 of 10 samples. 




4 0.5930 88.5092 Factor 4:2 of 10 samples. 1.4342
5 0.3990 92.4997 Factor 5:4 of 10 samples. 1.9581
6 0.3447 95.9463 Factor 6:4 of 10 samples. 1.0932
7 0.2569 98.5152 Factor 7: 5 of 10 samples. 0.4194
8 0.0961 99.4761 Factor 8:2 of 10 samples. 0.301
9 0.0394 99.8697 Factor 9:0 of 10 samples. 0.1291
10 0.0130 100 Factor 10: 0 of 10 samples. 0
Table 7.4: Criteria-Based Index Evaluations for Estimating the Number of Critical 
Components (End-Members) for Striped Bass. Selection Criteria Was Set at 95% 
Cumulative Percent Variance, inflection in the Normalized Varimax Loadings, and a 
Henry’s S:N of 2.
PCB fi l l :  CD=0.96 PCB (61/70/74/76): CD-0.53 PCB (95): CD-0.83 PCB) 13/90/101): CD-0.93 PCB (83/99): CD-0.73
I "  * — s ---71 " A   *........... n A n  .............. 1 '-----5i 1 f t ..................
2.5
PCB (86/87/97/109/1 19/125) 
: CD=0.94 PCB (I IQ/l I 5): CDjO.95 ( I 46): CIM?.94 PCB (147/149): C P-0.8S PCB (118): CD-0.93
PCB (138/163/129): CD=0.8fCB (153/168): CD=0.84 PCB(187): CD=0 (I 83): C P -0  96 P(y  (174): CD=-0T)028
PCB (156/157): CD==0.72 PCB (180/193): CDjO.97 P CB (170): CD=0.98 PCB (198/199): CD jO.97 PCB (194): CDH3.96 
_  3 0 1 A  1 2  - a  I ~M e I ~A
2.5
PCB (206): CD=0:81 PCB(209):CD=0.5
0.5 Striped B ass
CD Scatter Plots: 5 End-Member Model 
Testing Eds Data(59x25 matrixK59x22 matrixH16x22 matrix)(10x22 matrix)
M easured C ongener V alues (Percent)
Figure 7.26: CD Plots for Striped Bass Using Five End-Members for Back
Calculations.
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7.4.2 Determination of PCB Congener Composition in End-Members
The second objective of the PVA is to determine the chemical composition of each 
end-member identified from the previous step utilizing polytope resolution. The results 
for the chemical composition determination for each fish species are summarized in 
Tables 7.5 through 7.8. The rows in Table (a) for each species evaluation represent the 
22 diagnostic congeners used in the PVA. The calculated end-member compositions of 
each species, for each of the 22 diagnostic congener or congener groups from the PVA 
model, are listed in the columns labeled with each end member. The remaining 13 
columns represent the relative concentrations of the same diagnostic congeners taken 
directly from the analysis o f the respective sediments. The sediments selected for 
comparison represent both surface and subsurface locations from the Site 49F 
conveyance and each of the reference locations. The cos theta similarity index was 
calculated between the PVA compositions for each end-member and the sediments.
The end-member compositions and cos theta similarity calculations for gizzard 
shad are shown on Tables 7.5 (a) and (b), respectively. Similarity indices that exceed 
0.80 are highlighted for each. Shad end-member 1 has a stronger similarity to reference 
area 5 surface sediments (0.825) and the upper reaches of Site 49F tributary C surface 
sediments (0.802).
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2.7423 0.9293 0 0.6552 0 0.0661 0.3791 5.1886 4.7697 0.875 3.706 0 2.184982 0 2.50958 22.4113 4.537417 4.657576
0 20.949 0.6944 9.222 0 4.7357 4.1067 2.1924 2.3069 0.888 1.931 0 0.712806 0 1.00526 1.97978 2.008144 2.564907
0 14.968 1.8524 0 0 4.3121 2.5559 4.4943 5.0946 1.147 2.635 1.409442 1.409492 1.31947 2.12239 4.16864 3.966871 5.435381
6 0 15.1107 1.1993 5.1594 5.8467 4.9395 7.1252 7.473 2.526 4.834 3.519313 2.704363 2.56426 3.8289 6.31176 7.143063 8.352153
5.0494 4.7862 2.1728 14.4648 0 4.6107 4.7816 3.4566 3.5415 1.923 2.522 0 1.133683 0 2.13673 3.09708 3.508636 3.87977
0 15.538 7.0284 0 0 0 4.1354 4.5674 0 1.205 0 0 0 0.78048 2.15107 0 5.076516 0
0 13.829 13.5137 0.0064 0.8687 7.7076 7.5242 7.7829 8.2527 2.601 6.687 3.587983 3.384931 2.11614 3.88626 7.12197 8.535735 9.444786
0 1.0663 0 0.5456 8.8708 0.5701 0.8702 0.8696 0.8968 1.773 0.744 2.128755 1.259051 1.56843 1.36951 0.65993 0.853574 0.744471
17.1888 0 23.4638 0 0 3.4025 3.7334 5.0424 5.2896 5.923 3.384 8.772532 5.15799 7.64299 6.18073 4.1425 4.627267 4.463124
0 10.223 9.2048 2.1967 1.6316 4.5968 6.5334 4.9694 5.335 1.671 5.64 0 3.295383 0 2.71034 4.99191 6.064864 6.565052
1.6778 0 19.4062 0 24.163 4.2982 8.558 7.6002 7.278 9,191 6.983 13.80258 10.49508 13.0703 8.70465 5.99813 7.906786 7.352117
26.6952 16.59 0 4.126 15.43 3.1317 4.7959 5.554 5.3155 9.906 4.27 13.90558 8.578741 10.3317 8.01631 4.18171 5.48084 4.916844
9.9484 0 1.5837 0 8.4601 0.4194 0.9233 1.1181 1.1632 4.663 0.819 6.111588 3.45657 7.44383 3.77154 0.70566 0.813141 0.504648
4.311 0.2202 0 11.9259 2.7518 0.1861 0.3834 0.4056 0.4529 2.08 0.508 0 1.703211 0 1.56311 0.39661 0.462727 0.345383
1.7868 0 2.4865 0 7.6573 0.3604 0.7898 0.8075 0.7993 4.119 0.803 4.995708 3.098376 5.72602 3.32698 0.65143 0.799664 0.583354
0.8563 0.7712 0.7075 10.1019 0 0.4368 0.6361 0.7162 0.7863 0.62 1.012 1.038627 0.99757 0.6809 0.70268 0.7318 0.979363 1.027815
12.5189 0 0.7617 29.9755 16.461 0.6423 1.9241 1.52 1.4231 7.965 1.711 9.218884 6.716133 11.6014 6.75435 1.18917 1.648745 1.157449
5.4946 0 0 14.6099 6.0621 0.4125 0.8443 0.866 0.7213 4.119 0.98 4.875536 3.43866 6.04967 3.55643 0.65993 0.956901 0.761139
5.4992 0 0.8974 0 2.2881 0.1722 0.4049 0.4896 0.8058 2.083 0.542 2.763948 1.697838 2.48957 1.82124 0.27508 0.334241 0.18797
3.7866 0.0769 0.5319 0 0.1963 0.1396 0.3805 0.2543 0.3295 2.233 0.411 1.819742 1.343227 2.41489 1.72085 0.15289 0.243493 0.126856
1.9069 0 0.2239 0.5198 0 0.0847 0.2154 0.2773 0.7733 0.79 0.677 0.33133 1.862608 0.37344 0.41587 0.1725 0.316271 0.292603
0.5378 0.0594 0.3603 0.4507 0 0.0233 0.0636 0.2156 0.9877 0.385 0.577 0 2.059614 0 0.17782 0.15355 0.203061 0.166673
Cos Theta angles between gizzard shad end members and potential sources in measurement space










































EM1 1.000 0.325 0.335 0.458 0.586 0.345 0.424 0.466 0.468 0.825 0.457 0.802 0.744 0.766 0.771 0.300 0.438 0.388
EM2 1.000 0.296 0.230 0.205 0.685 0.685 0.639 0.569 0.378 0.557 0.302 0.374 0.243 0.448 0.345 0.645 0.583
EM3 1.000 0.067 0.432 0.739 0.805 0.812 0.797 0.597 0.787 0.609 0.655 0.567 0.706 0.454 0.817 0.781
EM4 1.000 0.456 0.286 0.320 0.247 0.248 0.522 0.291 0.396 0.467 0.479 0.492 0.156 0.253 0.237
EM5 1.000 0.404 0.591 0.549 0.538 0.894 0.604 0.696 0.888 0.910 0.847 0299 0.546 0.493
Ref7 surf 1.000 0.919 0.882 0.924 0.570 0.901 0.525 0.626 0.457 0.680 0.537 0.886 0.941
Ref7ssurf 1.000 0.935 0.904 0.716 0.931 0.664 0.768 0.614 0.810 0.536 0.952 0.909
Ref6 surf 1.000 0.966 0.706 0.953 0.665 0.765 0.605 0.829 0.745 0.996 0.958
Ref6ssurf 1.000 0.696 0.981 0.665 0.777 0.596 0.811 0.749 0.957 0.992
Ref5 surf 1.000 0.728 0.975 0.972 0.971 0.978 0.416 0.695 0.635
Ref5 ssurf 1.000 0.691 0.820 0.630 0.832 0.735 0.956 0.978
49F inlet-surf 1.000 0.952 0.979 0.946 0.366 0.649 0.602
49FPP1 1.000 0.936 0.972 0.512 0.759 0.722









49F PP4-surf 1.000 0.957
49F PP4-ssurf 1.000
Table 7.5 Top (a.) Calculated PCB End Member Contributions in Gizzard Shad from the 
PVA Model and Measured Sediment Concentrations. Bottom (b.) Cos Theta Similarity 
Comparisons.
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As previously mentioned in the sediment profile analysis, these results support the 
earlier observations that both Site 49F and reference area 5 sediments both appear to 
have similar Aroclor 1260 congener profiles. Shad end-member 3 has the highest 
similarity to Site 49F surface sediment PPl-SDOl (0.817) and also to reference 7 
subsurface sediments and reference area 6 surface and subsurface sediments but to a 
lesser degree. Shad end-member 5 has a high similarity to Site 49F surface and 
subsurface samples (0.847-0.910) and to reference area 5 surface sediments (0.894).
PVA calculated end-members 2 and 4 for gizzard shad do not have a high similarity to 
any of the sediments. This suggests that there are either other unidentified sources of 
contamination to gizzard shad or that end-members 2 and 4 represent more severely 
weathered combinations of the sediments already sampled as part of this study. It is also 
noted that the cos theta similarity calculations between sediments agree with the earlier 
dendrogram comparisons (figure 7.11), which show a prevalent similarity between 
reference area 6 and 7 sediments and also between the upper portions of tributary C of 
the Site 49F conveyance and reference area 5 sediments.
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Catfish














































0.2408 0.2338 0.4123 0.2311 0.06611 0.37908 5.18859 4.76969 0.8748 3.7062 0 2.185 0 2.51 22.41 4.537 4.65758
9.0286 0.9918 0 0 4.73568 4.1067 2.19236 2.30687 0.8884 1.931 0 0.713 0 1.005 1.98 2.008 2.56491
7.382 0 0 1.1578 4.31211 2.55592 4.49434 5.0946 1.1471 2.6346 1.40944 1.409 1.3195 2.122 4.169 3.967 5.43538
! 15.2171 1.5919 0 6.6754 5.84669 4.93953 7.12518 7.47295 2.5258 4.8341 3.51931 2.704 2.5643 3.829 6.312 7.143 8.35215
! 6.0245 3.687 0 4.6878 4.61069 4.78158 3.45662 3.54153 1.9233 2.5218 0 1.134 0 2.137 3.097 3.509 3.87977
13.561 0 0 0 0 4.13542 4.56742 0 1.205 0 0 0 0.7805 2.151 0 5.077 0
21.0499 0 0 0.2204 7.70764 7.52417 7.78289 8.25274 2.6007 6.6872 3.58798 3.385 2.1161 3.886 7.122 8.536 9.44479
0 2.7588 38.4313 0 0.57009 0.87016 0.86964 0.89675 1.7735 0.7439 2.12876 1.259 1.5684 1.37 0.66 0.854 0.74447
9.0187 0.62(8 0 20.3067 3.40247 3.73337 5.04243 5.28955 5.9229 3.3839 8.77253 5.158 7.643 6.181 4.143 4.627 4.46312
10.5362 6.2479 0 7.0567 4.59681 6.53339 4.96935 5.33504 1.6714 5.6398 0 3.295 0 2.71 4.992 6.065 6.56505
5.6509 21.4658 0 17.3727 4.29822 8.55803 7.60019 7.27801 9.1906 6.9827 13.8026 10.5 13.07 8.705 5.998 7.907 7.35212
0.5008 28.5727 0 0 3.13166 4.79594 5.55398 5.31554 9.9056 4.2702 13.9056 8.579 10.332 8.016 4.182 5.481 4.91684
0 7.7546 0.1801 3.9653 0.41941 0.92329 1.1181 1.16318 4.6635 0.8191 6.11159 3.457 7.4438 3.772 0.706 0.813 0.50465
0 3.2443 0.4722 2.2093 0.18609 0.38339 0.40569 0.45293 2.0798 0.5076 0 1.703 0 1.563 0.397 0.483 0.34538
1.3987 1.9718 0.9122 5.9469 0.36038 0.78975 0.80752 0.79928 4.1188 0.803 4.99571 3.098 5.726 3.327 0.651 0.8 0.58335
0 0.5068 0.3873 6.3626 0.43677 0.63611 0.71617 0.78628 0.6195 1.0125 1.03863 0.998 0.6809 0.703 0.732 0.979 1.02781
0.2148 13.218 0 7.8687 0.6423 1.92412 1.52004 1.42311 7.9653 1.7108 9.21888 6.716 11.601 6.754 1.189 1.649 1.15745
0 5.5139 0.1192 3.5107 0.412(6 0.84432 0.86598 0.7213 4.1188 0.9803 4.87554 3.439 6.0497 3.556 0.66 0.957 0.76114
0 1.1631 27.1236 0 0.17221 0.40493 0.48963 0.80578 2.0832 0.5425 2.76395 1.698 2.4896 1.821 0.275 0.334 0.18797
0 0 20.0944 12.1521 0.13957 0.38052 0.25431 0.32946 2.233 0.4109 1.81974 1.343 2.4149 1.721 0.153 0.243 0.12686
0 0.201 11.4338 0 0.08471 0.21539 0.27733 0.77329 0.7897 0.6768 0.33133 1.863 0.3734 0.416 0.172 0.316 0.2926
0.176 0.252 0.4336 0.2779 0.02326 0.06361 0.21558 0.98773 0.3847 0.5774 0 2.06 0 0.178 0.154 0.203 0.16667
Cos Theta ang les betw een  catfish end  m em bers and potential sources in m easurem ent space









































EM1 1.000 0.188 0.001 0.423 0.742 0.808 0.852 0.750 0.396 0.766 0.339 0.437 0.296 0.544 0.467 0.864 0.825
EM2 1.000 0.069 0.464 0.371 0.587 0.573 0.526 0.885 0.623 0.879 0.878 0.843 0.830 0.314 0.568 0.514
EM3 1.000 0.143 0.034 0.058 0.061 0.074 0.721 0.027 0.024 0.028 0.024 0.030 0.021 0.028 0.026
EM4 1.000 0.437 0.585 0.601 0.576 0.721 0.024 0.021 0.024 0.021 0.026 0.018 0.024 0.022
Ref7 surf 1.000 0.919 0.882 0.924 0.570 0.901 0.525 0.626 0.457 0.680 0.537 0.886 0.941
Ref7 ssurf 1.000 0.935 0.904 0.716 0.931 0.664 0.768 0.614 0.810 0.536 0.952 0.909
RefBsurf 1.000 0.966 0.706 0.953 0.665 0.765 0.605 0.829 0.745 0.996 0.958
RefO ssurf 1.000 0.696 0.981 0.665 0.777 0.596 0.811 0.749 0.957 0.992
Ref5 surf 1.000 0.728 0.975 0.972 0.971 0.978 0.416 0.695 0.635
Ref5 ssurf 1.000 0.691 0.820 0.630 0.832 0.735 0.956 0.978
49F inlet-surf 1.000 0.952 0.979 0.946 0.366 0.649 0.602
49F PP1-ssurf 1.000 0.936 0.972 0.512 0.759 0.722
49FDRC 1.000 0.935 0.327 0.591 0.531
49F PP2-surf 1.000 0.549 0.818 0.761
49F PP2-ssurf 1.000 0.713 0.735
49F PP4-surf 
49F PP4-ssurf
Table 7.6 Top (a.) Calculated PCB End Member Contributions in Catfish 
Model and Measured Sediment Concentrations. Bottom (b.) Cos Theta 
Comparisons.
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End-member compositions and cos theta calculations for catfish are shown in 
Tables 7.6 (a) and (b), respectively. Catfish end-member 1 showed the highest similarity 
(0.825-0.864) to the lowest reaches of Site 49F (PP4-SD01) sediments and also to 
reference area 6 surface sediments (0.852) and reference area 7
subsurface sediments (0.808). Catfish end-member 2 showed the highest similarity to 
reference area 5 surface sediments (0.885) and also to the upper reaches of Site 49F 
surface and subsurface sediments (0.830-0.879). There were no significant correlations 
with sediment depth. Catfish end-members 3 and 4 did not have a significant similarity 
(>0.8) between any of the sediments analyzed. Again, this indicates that the catfish are 
being exposed to sources within the reservoir that have not been identified, or that body 
burdens are more representative of identified sources that are more highly degraded and 
not sampled, and/or that biological processes within the catfish (post ingestion) have 
significantly changed the profiles.
End-member compositions and cos theta calculations for striped bass are shown in 
Table 7.7 (a) and (b), respectively. End-member 1 was the only calculated end-member 
that showed a similarity index greater than 0.8 for striped bass. End-member 1 showed 
a similarity to all the reference areas analyzed for both surface and subsurface sediments 
(0.838-0.890) and also to the down-gradient (PP4) locations from Site 49F tributary 
(0.864-0.897). This diversity o f potential source contributions seems logical, as striped 
bass are higher level predators and likely feed on all the other prey species. However, as 
mentioned previously, gizzard shad are known to be the primary prey items for striped 
bass. Calculations for gizzard shad showed 3 different end-member contributions with 
cos theta similarities greater than 0.8. End members 2 and 4 showed lower cos theta 
similarity indices. The highest cos theta index in end member 2 was 0.685 (ref7) and
148
0.522 (ref5) in end member 4. Collectively, all end-members showed similarities to all of 
the reference locations and the Site 49F sediments. This further supports the apparent 
wide diversity o f potential source contributions and the large home range of the species 
and their prey items.
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Striped








































2.9136 0.3755 0.6888 1.1487 2.041 0.0661 0.37908 5.18859 4.76969 0.8748 3.70618 0 2.18498 0 2.509577 22.41133 4037417 4.657576
6.3437 0 0.4014 9.4329 0.455 4.7357 4.1067 2.19236 2.30687 0.8884 1.93097 0 0.71281 0 1.005265 1.979776 2.008144 2.564907
52827 0 0 0.4093 2.382 4.3121 2.55592 4.49434 5.0946 1.1471 2.63461 1.40944 1.40949 1.319475 2.122385 4.168638 3.966871 5.435381
10.3239 0 0 23.872 32 5.8467 4.93953 7.12518 7.47295 2.5258 4.83415 3.51931 2.70436 2.564262 3.828897 6.311762 7.143063 8.352153
5.6205 0 0 3.7669 10.83 4.6107 4.78158 3.45662 3.54153 1.9233 252181 0 1.13368 0 2.136725 3.097076 3.508636 3.87977
9.9647 0 0 0 2.566 0 4.13542 4.56742 0 1.205 0 0 0 0.780482 2.151066 0 5.076516 0
22.0653 0 0 0 4.485 7.7076 7.52417 7.78289 825274 2.6007 6.68724 3.58798 3.38493 2.116139 3.886259 7.121967 8.535735 9.444786
3.3722 0 8.172 0 5.875 0.5701 0.87016 0.86964 0.89675 1.7735 0.74392 2.12876 125905 1.568432 1.369512 0.659925 0.853574 0.744471
6.6197 0 0 0 17.09 3.4025 3.73337 5.04243 528955 5.9229 3.3839 8.77253 5.15799 7.642995 6.180729 4.142502 4.627267 4.463124
10.7601 0 0 23.83 5.149 4.5968 6.53339 4.96935 5.33504 1.6714 5.63984 0 3.29538 0 2.710343 4091911 6.064864 6.565052
8.8788 39.9172 0 22.717 0 42982 8.55803 7.60019 727801 9.1908 6.98266 13.8026 104951 13.07027 8.704647 5.998134 7.906786 7.352117
0 46.1878 0 0 9.1 3.1317 4.79594 5.55398 5.31554 9.9056 427016 13.9056 8.57874 10.33174 8.016306 4.181706 5.48084 4.916844
0 10.6938 02725 0 6.487 0.4194 0.92329 1.1181 1.16318 4.6635 0.81912 6.11159 3.45657 7.443829 3.771536 0.705663 0.813141 0.504648
0 0 10.5848 12893 2.58 0.1861 0.38339 0.40559 0.45293 2.0798 0.50759 0 1.70321 0 1.563108 0.396609 0.462727 0.345383
2.8752 0.8689 0.9833 0 2.592 0.3604 0.78975 0.80752 0.79928 4.1188 0.80301 4.99571 3.09838 5.726022 3.326982 0.651431 0.799664 0.583354
0.8601 0 1.4747 2.5787 2.316 0.4368 0.63611 0.71617 0.78628 0.6195 1.01249 1.03863 0.99757 0.680899 0.702682 0.731798 0.979363 1.027815
2.1757 0 39.2417 0 12.79 0.6423 1.92412 1.52004 1,42311 79653 1.71075 921888 6.71613 11.60142 6.754347 1.189173 1.648745 1.157449
0.1472 0 15.3051 0 5.34 0.4125 0.84432 0.86598 0.7213 4.1188 098026 4.87554 3.43866 6.049667 3.556429 0.659925 0.956901 0.761139
1.1272 0 8.4986 0 2.697 0.1722 0.40493 0.48963 0.80578 2.0832 0.5425 2.76395 1.69784 2.489575 1.821236 0.275078 0.334241 0.18797
0.6691 0 6.9879 0.7285 2.023 0.1396 0.38052 025431 0.32946 2233 0.4109 1.81974 134323 2.414888 1.720853 0.152894 0243493 0.126856
0 0 4.7389 52302 0 0.0847 021539 0.27733 0.77329 0.7897 0.67678 0.33133 1.86261 0.373436 0.415873 0.172495 0316271 0.292603
0 1.9569 2.6502 4.9929 0 0.0233 0.06361 0.21558 0.98773 0.3847 0.57741 0 2.05961 0 0.177821 0.153547 0203061 0.166673
Cos Theta angles between striped bass end members and potential sources in measurement space .
4SF 49F « F 49F 49F
REFS REF6 REF5 REFS 49FPP1 O K P R P R PP4 PP4
REF7ASD REF7ASD BSD02 0- BSD02 SD02 SD02 49FWet BS002 SD03 m 5004 5001 SD01
EM1 EM2 EM3 EM4 EM5 03 0-6" 03 6-12" 6" 6-12* 0-6" 6-12" I T 1H 4" M T 6 - i r M ' 6-12"
EM1 1.000 0.177 0.092 0.570 0.490 0.880 0.890 0.874 0.838 0.471 0.839 0.414 0.531 0.377 0.613 0.549 0.897 0.864
EM2 1.000 0.003 0.347 0.270 0.350 0.530 0.502 0.486 0.728 0.534 0.783 0.746 0.700 0.675 0269 0.493 0.439
EM3 1.000 0.033 0.523 0.065 0.138 0.116 0.120 0.512 0.165 0.419 0,457 0.531 0.460 0.072 0.120 0.087
EM4 1.000 0.206 0.655 0.712 0.644 0.671 0.407 0.718 0.364 0.532 0.342 0.494 0.408 0.667 0.694
EM5 1.000 0.566 0.601 0.616 0.614 0.770 0.595 0.693 0.702 0.699 0.789 0.391 0.601 0.563
Ref? surf 1.000 0.919 0.882 0.924 0.570 0.901 0.525 0.626 0.457 0.680 0.537 0.886 0.941
Ref7 ssurf 1.000 0.935 0.904 0.716 0.931 0.664 0.768 0.614 0.810 0.536 0.952 0.909
RefSsurf 1.000 0.966 0.706 0.953 0.665 0.765 0.605 0.829 0.745 0.996 0.958
Ref6 ssurf 1.000 0.696 0.981 0.665 0.777 0.596 0.811 0.749 0.957 0.992
RefSsurf 1.000 0.728 0.975 0.972 0.971 0,978 0.416 0.695 0.635
Ref5 ssurf 1.000 0.691 0.820 0.630 0.832 0.735 0.956 0.978
49F inlet-surf 1.000 0.952 0.979 0.946 0.366 0.649 0.602
49FPP1-ssurf 1.000 0.936 0.972 0.512 0.759 0.722
49FDRC 1.000 0.935 0.327 0.591 0.531
49F PP2-surf 1.000 0.549 0.818 0.761
49FPP2-ssurf 1.000 0.713 0.735
49F PP4-surf 1.000 0.957
49FPP4-ssurf 1.000
Table 7.7 Top (a.) Calculated PCB End Member Contributions in Striped Bass from the 


















































0 0 0 0 85.81 0.0661 0.3791 5.1886 4.7697 0.8748 3.706 0 2.185 0 2.5096 22.411 4.5374 4.6576
1.2014 0.6564 4.1969 0 0 4.7357 4.1067 2.1924 2.3069 0.8884 1.931 0 0.7128 0 1.0053 1.9798 2.0081 2.5649
1.2332 0.6006 4.664 0 0 4.3121 2.5559 4.4943 5.0946 1.1471 2.635 1.4094 1.4095 1.3195 2.1224 4.1686 3.9669 5.4354
5.5948 0.0542 7.8613 0 0 5.8467 4.9395 7.1252 7.473 2.5258 4.834 3.5193 2.7044 2.5643 3.8289 6.3118 7.1431 8.3522
0.9767 0 10.284 1.0646 0 4.6107 4.7816 3.4566 3.5415 1.9233 2.522 0 1.1337 0 2.1367 3.0971 3.5086 3.8798
0 0 11.562 1.1791 0 0 4.1354 4.5674 0 1.205 0 0 0 0.7805 2.1511 0 5.0765 0
0 0 20.101 2.2234 0 7.7076 7.5242 7.7829 8.2527 2.6007 6.687 3.588 3.3849 2.1161 3.8863 7.122 8.5357 9.4448
3.8396 0.3709 1.3954 0.5392 0.7749 0.5701 0.8702 0.8696 0.8968 1.7735 0.744 2.1288 1.2591 1.5684 1.3695 0.6599 0.8536 0.7445
6.4679 0.1765 5.5828 0 0 3.4025 3.7334 5.0424 5.2896 5.9229 3.384 8.7725 5.158 7.643 6.1807 4.1425 4.6273 4.4631
0.7688 0 15.72 2.6073 0 4.5968 6.5334 4.9694 5.335 1.6714 5.64 0 3.2954 0 2.7103 4.9919 6.0649 6.5651
18.485 0 16.662 3.7372 5.4145 4.2982 8.558 7.6002 7.278 9.1908 6.983 13.803 10.495 13.07 8.7046 5.9981 7.9068 7.3521
30.36 0 0 0 5.2065 3.1317 4.7959 5.554 5.3155 9.9056 4.27 13.906 8.5787 10.332 8.0163 4.1817 5.4808 4.9168
10.082 0 0.218 0.6922 1.7109 0.4194 0.9233 1.1181 1.1632 4.6635 0.819 6.1116 3.4566 7.4438 3.7715 0.7057 0.8131 0.5046
4.4662 0.6354 0 0,1231 0.7214 0.1861 0.3834 0.4056 0.4529 2.0798 0.508 0 1.7032 0 1.5631 0.3966 0.4627 0.3454
2.4828 0.7823 0.5495 0.2595 0.1495 0.3604 0.7898 0.8075 0.7993 4.1188 0.803 4.9957 3.0984 5.726 3.327 0.6514 0.7997 0.5834
0 0.053 1.2033 14.256 0 0.4368 0.6361 0.7162 0.7863 0.6195 1.012 1.0386 0.9976 0.6809 0.7027 0.7318 0.9794 1.0278
11.06 0 0 28.233 0 0.6423 1.9241 1.52 1.4231 7.9653 1.711 93189 6.7161 11.601 6.7543 1.1892 1.6487 1.1574
2.0358 0 0 24.607 0 0.4125 0.8443 0.866 0.7213 4.1188 0.98 4.8755 3.4387 6.0497 3.5564 0.6599 0.9569 0.7611
0.947 34.947 0 2.0369 0 0.1722 0.4049 0.4896 0.8058 2.0832 0.542 2.7639 1.6978 2.4896 1.8212 0.2751 0.3342 0.188
0 0.3098 0 14.507 0 0.1396 0.3805 0.2543 0.3295 2333 0.411 1.8197 1.3432 2.4149 1.7209 0.1529 0.2435 0.1269
0 46.389 0 3.9345 0 0.0847 0.2154 0.2773 0.7733 0.7897 0.677 0.3313 1.8626 0.3734 0.4159 0.1725 0.3163 0.2926
0 15.026 0 0 0.2126 0.0233 0.0636 0.2156 0.9877 0.3847 0.577 0 2.0596 0 0.1778 0.1535 0.2031 0.1667
Cos Theta angles between small class fish end members and potential sources in measurement space
A 49F 49F 49F 49F
REF7 REF7 REF6 REF6 REF5 REF5 49F PP4 PP4
ASD03 0 ASD03 BSD02 BSD02 SD02 SD02 Wet 9 BSW2; S»3 w SD04 son ol SD01
EM1 EM2 EM3 EM4 EM5 6" 6-12" 0-6* 6-12’ W 6-ir 61 Mr
EM1 1.000 0.018 0.297 0.258 0.062 0.446 0.589 0.586 0.578 0.897 0.603 0.913 0.868 0.857 0.843 0.317 0.570 0.519
EM2 1.000 0.004 0.100 0.001 0.020 0.030 0.036 0.078 0.106 0.072 0.077 0.165 0.075 0.086 0.016 0.031 0.026
EM3 1.000 0.122 0.029 0.848 0.928 0.849 0.803 0.475 0.837 0.419 0,554 0.384 0.604 0.470 0.883 0.833
EM4 1.000 0.006 0.138 0.223 0.187 0.181 0.510 0245 0.441 0.473 0.547 0.478 0.103 0201 0.167
EM5 1.000 0.037 0.071 0.325 0.303 0.112 0.300 0.071 0.186 0.065 0.200 0.854 0.283 0.279
Ref7 surf 1.000 0.919 0.882 0.924 0.570 0.901 0.525 0.626 0.457 0.680 0.537 0.886 0.941
Ref7 ssurf 1.000 0.935 0.904 0.716 0931 0.664 0.768 0.614 0.810 0.536 0.952 0.909
Ref6 surf 1.000 0.966 0.706 0.953 0.665 0.765 0.605 0.629 0,745 0,996 0.958
Ref6 ssurf 1.000 0.696 0.981 0.665 0.777 0.596 0.811 0.749 0.957 0.992
Ref5 surf 1.000 0.728 0.975 0.972 0.971 0.978 0.416 0.695 0.635
Ref5 ssurf 1.000 0.691 0.820 0.630 0.832 0,735 0.956 0.978
49F inlet-surf 1.000 0.952 0.979 0.946 0.366 0.649 0.602
49F PP1-ssurf 1.000 0.936 0.972 0.512 0.759 0.722
49FDRC 1.000 0.935 0.327 0.591 0.531
49F PP2-surf 1.000 0.549 0.818 0,761
49FPP2-ssurf 1.000 0.713 0.735
49F PP4-surf 1.000 0,957
49F PFksurf 1.000
Table 7.8 Top (a.) Calculated PCB End Member Contributions in Bluegill from the PVA 
Model and Measured Sediment Concentrations. Bottom (b.) Cos Theta Similarity 
Comparisons.
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The end-member compositions and cos theta similarity calculations for bluegill are 
shown on Table 7.8 (a) and (b), respectively. Bluegill end-member 1 showed a high 
similarity with surface sediments of reference area 5 (0.897) and with the upper reaches 
of surface and subsurface sediments of the Site 49F tributary C (0.843-0.913). As 
previously mentioned, bluegill have a limited home range; Site 49F and reference area 5 
are in close proximity. Bluegill end-member 3 has the same similarity distributions as 
those of striped bass end-member 1. Bluegill end-member 3 showed a significant 
similarity to all the reference areas analyzed for both surface and subsurface sediments 
(0.803-0.928) and also to the down-gradient (PP4) locations from Site 49F tributary 
(0.833-0.883). The highest cos theta for end-member 3 was for subsurface sediments in 
reference area 7. Bluegill end-member 5 had only one similarity index greater than 0.8 
(0.854) in the subsurface sediment location of Site 49F (PP4-SD04), which is in the 
reservoir proper, far downgradient from the Site 49F tributary. Bluegill end-members 2 
and 4 showed very low similarities for all of the sediments evaluated in this study, again 
indicating the possible presence of other sources or significant weathering of currently 
identified sources. It is emphasized that although gizzard shad also showed relatively 
low cos theta scores for end members 2 and 4, the highest similarities were not the same 
as those for bluegill, which have smaller home ranges and different diet items. In 
addition, gizzard shad tissue were fillets and bluegill were composites. The fact that 
gizzard shad and bluegill both had low cos theta scores for end members 2 and 4 is 
coincidental.
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7.4.3 Determination of PCB M ixing Proportions in Fish Samples
The last objective of the PVA is to determine the end-member contribution in each 
sample. As previously described, the original sample data matrices for each species were 
randomly resampled 100 times, and the PVA was re-run for the respective end-member 
model. If the model converged (mixing proportions were all equal to or greater than - 
.05%), the convergent iteration was taken as signifying that all conditions were met and 
the data at that iteration were used for the subsequent loadings and end-member 
composition matrices. These were then back-transformed to the original scale. The 
iteration results for each fish species and the subsequent tabulated source contributions 
are also provided. Those end-members that had the greatest apparent contributions in 
each sample have been highlighted in each Table.
The mixing proportion iteration for gizzard shad is shown below as Figure 7.27 
and the resulting composition matrix is provided as Table 7.9, respectively. The PVA 
uncertainty model converged (lowest max negative mixing of 0.098) at iteration 8, and 
the subsequent end-member mixing proportions for each sample for parameters 
obtained at that iteration is provided as Table 7.9. End-member 1, which had the 
highest similarity to reference area 5 and Site 49F surface samples, had the highest 
degree of calculated proportional influence for most of the gizzard shad samples. This 
was followed by end-member 3 (highest similarity to sediments in reference areas 6 /7  
and also to surface sediments of Site 49F). End-members 2 and 4 showed the least 
amount of proportional influence in gizzard shad samples. These same end-members 
showed a very low similarity index to all of the sediment samples that were evaluated. 
As most of the proportional influence is consistent with the sources investigated, this 
suggests that most of the congeners detected in gizzard shad are likely from the
153
sediment areas ev aluated in this study, and contributions from end members 2 and 4 are 
likely from weathered source signatures.
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Iteration Number
ITERATION BY ITERATION DIAGNOSTICS FOR GIZZARD SHAD 
Testing Eds Data(59x25 matrixX59x22 matrix)(17x22 matrix)
5 End-Member Model: 28-Feb-2015
PVA of a 17 sample by 22 variable matrix 
DENEG value used = 0.25 
Cutoff Criterion (Max allowable negative) = 0.1 
Number of Iterations = 8
Lowest Max Negative Mixing Proportion (0.097596) in Iteration 8 
Minimum No. Matrix Elements < -0.1 (0) in Iteration 8
Figure 7.27: Diagnostics for the Determination of Mixing Proportions of PCB 
Congeners in Gizzard Shad
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S H A D  EN D  M E M B E R  M IXING P R O P O R T IO N S
S a m p l e EM1 EM 2 E M 3 EM 4 E M 5
G F S 0 1 0 .4 6 6 6 0 .0 1 1 1 0 .0 5 5 3 0 .0 4 4 9 0 .4 2 2
G F S 0 2 0 .2 4 4 6 0 .2 2 9 3 0 .2 9 5 4 0 .0 9 4 3 0 .1 3 6 4
G F S 0 3 0 .4 2 0 6 0 .0 0 7 6 - 0 .0 4 1 6 0 .1 1 3 1 0 .5 0 0 4
G F S 0 4 0 .4 6 1 1 0 .0 8 6 1 0 .2 3 7 1 0 .0 8 4 0 .1 3 1 6
G F S 0 5 0 .4 6 6 3 0 .0 6 7 8 0 .2 4 4 8 0 .0 8 3 1 0 .1 3 8
G F S 0 6 0 .5 9 2 6 0 .0 1 6 1 0 .2 1 5 3 0 .0 7 3 9 0 .1 0 2 1
G F S 0 6 a 0 .4 8 9 4 0 .0 9 8 1 0 .2 1 3 9 0 .0 8 1 1 0 .1 1 7 5
G F S 0 8 0 .4 8 0 6 0 .0 5 6 4 0 .2 0 2 5 0 .0 7 1 0 .1 8 9 5
G F S 0 7 0 .5 3 4 1 0 .1 1 2 0 .2 2 5 3 0 .0 6 7 0 .0 6 1 6
G F 0 9 0 .0 1 9 7 0 .5 5 7 8 0 .2 6 0 9 0 .1 0 1 6 0 .0 6 0 1
G F 1 0 0 .0 4 1 4 - 0 .0 0 0 2 0 .3 6 0 5 0 .6 3 4 7 - 0 .0 3 6 4
G F11 0 .0 8 7 2 0 .0 7 2 2 0 .1 5 4 8 0 .0 9 1 2 0 .5 9 4 7
G F 1 2 - 0 .0 0 0 5 0 .3 7 9 4 0 .6 0 3 7 0 .0 3 8 8 - 0 .0 2 1 4
G F 1 3 0 .2 2 7 8 - 0 .0 7 2 2 0 .6 6 6 9 0 .1 4 1 5 0 .0 3 6
G F 1 4 - 0 .0 9 7 6 0 .3 9 3 7 0 .5 8 6 0 .0 7 4 7 0 .0 4 3 3
G F 1 5 0 .1 3 9 4 0 .0 0 1 7 0 .6 1 9 4 0 .1 1 1 5 0 .1 2 8
G F 1 6 0 .2 6 4 3 - 0 .0 7 1 5 0 .6 7 6 8 0 .1 2 7 6 0 .0 0 2 9
Table 7.9: Back-Calculated End Member Mixing Proportions of PCB Congeners in 
Gizzard Shad Samples.
The mixing proportion iteration for catfish is shown below as Figure 7.28, and the 
resulting composition matrix is provided as Table 7.10. The PVA uncertainty model 
converged (lowest max negative mixing of 0.063) at iteration 3 and the subsequent end- 
member mixing proportions for each sample for parameters obtained at that iteration 
are provided in the Table. The PVA calculated that five o f the 13 catfish samples were 
proportionally influenced (61-74%) primarily from EMl ,  which had the highest 
similarity to sediments from reference areas 6 /7  and also from Site 49F. The model 
also calculated that four of the 13 catfish samples were proportionally influenced (59- 
99%) primarily from EM2, which had the highest similarity to surface sediments in 
reference area 5, and surface and subsurface sediments in the Site 49F tributary. Catfish 
end-members 3 and 4 showed the least amount of calculated proportional influence in 
the catfish samples analyzed, and these same end-members showed very little similarity
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to any of the sediments analyzed. Therefore, this suggests that most of the congeners 
detected in catfish are likely represented by sources identified in this study or sources 
with similar profiles.
The mixing proportion iteration for striped bass is shown below as Figure 7.29 and 
the resulting composition matrix is provided as Table 7.11. The PVA uncertainty 
model converged (lowest max negative mixing of 0.097) at iteration 8, and the 
subsequent end-member mixing proportions for each sample for parameters obtained at 
that iteration is provided. As indicated in the Table, there was a considerable diversity 
in end-member proportional distributions for striped bass. The PVA calculated that 
five of the 10 striped bass samples were proportionally influenced (36-70%) primarily 
from EM5. However, striped bass EM5 did not show a significant similarity index to 
any of the sediments investigated in this study. Similarly, four of the ten striped bass 
samples were proportionally influenced (30-51%) primarily from EM2, which also did 
not show a similarity greater than 0.8 to any of the sediments investigated in this study. 
The PVA did calculate that striped bass EM 1 contributed 39-43% of PCBs. Striped 
bass end-member 1 showed highest similarity to down-gradient sediments from the Site 
49F conveyance and reference area 7 sediments.
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Max Negative Mixing Proportions No. of Matrix E lem ents < -0.05
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ITERATION BY ITERATION DIAGNOSTICS FOR CATFISH
Testing E ds Data(59x25 matrix)(59x22 matrix)(16x22 matrix)(13x22 matrix)
4  End-M em ber Model: 28-Feb-2015
PVA of a  13 sam ple by 22 variable matrix 
DENEG value used  = 0.25 
Cutoff Criterion (Max allowable negative) = 0.05 
Num ber of Iterations = 10
Lowest Max Negative Mixing Proportion (0.063235) in Iteration 3 
Minimum No. Matrix E lem ents < -0.05 (1) in Iteration 8
Figure 7.28: Diagnostics for the Determination of Mixing Proportions of PCB 
Congeners in Catfish
CAT FISH END MEMBER MIXING PROPORTIONS
Sample EM1 EM2 EM3 EM4
CF5 0.0907 0.6469 0.0888 0.1736
CF6 0.0508 0.4429 -0.0036 0.5099
CF1 0.0418 0.0434 0.9305 -0.0157
CF2 -0.0708 0.9885 0.0758 0.0066
CF2s 0.058 0.6256 0.04 0.2764
CF3 0.1092 0.5941 0.0349 0.2618
CF4 0.2646 0.4661 0.0335 0.2358
CF7 0.6448 -0.0353 0.055 0.3356
CF7s 0.5565 0.0509 0.0718 0.3208
CF8 0.2725 -0.0525 0.1947 0.5853
CF9 0.6124 0.2985 0.0479 0.0412
CF10 0.7324 0.2705 -0.0155 0.0125
CF11 0.6239 0.3048 0.0847 -0.0134
Table 7.10: Back-Calculated End Member Mixing Proportions of PCB Congeners in 
Catfish Samples.
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ITERATION BY ITERATION DIAGNOSTICS FOR STRIPED BASS 
Testing E ds Data(59x25 matrix){59x22 matrix)(16x22 matrix)(10x22 matrix) 
5 End-M ember Model: 28-Feb-2015
PVA of a  10 sam ple  by 22 variable matrix 
DENEG value u sed  = 0.25 
Cutoff Criterion (Max allowable negative) = 0.1 
Num ber of Iterations = 8
Lowest Max Negative Mixing Proportion (0.096814) in Iteration 8 
Minimum No. Matrix E lem ents < -0.1 (0) in Iteration 8
Figure 7.29: Diagnostics for the Determination of Mixing Proportions of PCB 
Congeners in Striped Bass
S . BASS END MEMBER MIXING PROPORTIONS
Sam ple EM1 EM2 EM3 EM4 EM5
SB1 0.1429 0 .2843 0.0338 0.1783 0 .3607
SB2 0.0939 -0 .0525 0 .1095 0 .3076
SB5 0.1751 0 .35 0 .0765 0 .1783 0.22
SB3 0 .3906  0 .3817 0 .1503 0.0897 -0.0123
SB6 0.1861 -0.0968 -0 .0136 0 .2982
SB7 0.0954 0 .5063 0 .1207 -0 .0136 0.2912
SB9 -0.0223 0 .154 0.0891 0 .1137 0 .6655
SB4 0.3949 0.2033 -0 .0149 0.0507 0.366
SB4a 0.4271 0 .3026 0 .1102 0 .0663 0.0938
SB8 0.044 0 .2375 0.0251 -0.0091 0 .7025
Table 7.11: Back-Calculated End Member Mixing Proportions of PCB Congeners in 
Striped Bass Samples.
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Collectively, this suggests that PCBs in the striped bass investigated in this study come 
from a wide variety of sources. However, the PVA model suggests that proportional 
influence in striped bass is mainly from highly degraded PCB profiles from the 
currently identified sediments and/or from other sources not identified. Another 
possibility is that the profiles from striped bass are so heavily altered from the sediment 
source profiles due to metabolic influences during bioaccumulation that the model was 
unable to resolve the profile differences.
The mixing proportion iteration for bluegill is shown below as Figure 7.30, and the 
resulting composition matrix is provided as Table 7.12. The PVA uncertainty model 
converged (lowest max negative mixing of 0.1) at iteration 6, and the subsequent end- 
member mixing proportions for each sample for parameters obtained at that iteration 
are provided in the accompanying table. As bluegill are believed to have a limited home 
range and relative site fidelity compared to the larger species evaluated in this study, 
the table for the bluegill mixing proportions include the general locations where each 
sample (composites) were taken within the reservoir. There were eight bluegill samples 
collected in the tributary influenced by Site 49F. Of these eight samples, five were 
proportionally influenced (61-71%), primarily from EMl .
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Figure 7.30: Diagnostics for the Determination of Mixing Proportions of PCB Congeners in 
Bluegill.
BLUE GILL END MEMBER MIXING PROPORTIONS 
S a m p le _______ EM1_______ EM2_______ EM3_______ EM4_______ EM5______ S a m p le  L o ca tio n
BFS01 0 .1187 0.0243 0.0271 0 .0528 0 .7 7 7 2 P P 1 /P P 2
BFS02 0 .6098 0.0436 -0 .0229 0 .2472 0.1223 P P 1 /P P 2
BFS03 0 .3145 0 .0762 0 .7 3 8 4 -0 .0254 -0.1038 P P 1 /P P 2
BFS13 0.0231 0 .8572 0 .0655 0 .0329 0 .0212 REF7
BFS14 0.0251 -0 .0196 0.5421 0 .2378 0 .2145 REF7
BFS15 -0.0017 0 .1809 -0 .0506 0 .9 3 1 8 -0 .0604 REF7
BFS16 0 .0985 0 .7807 0 .0833 0 .0 5 7 2 -0 .0198 REF7
BFS09 0 .8019 -0 .0319 0 .1 4 4 7 -0 .0477 0 .1329 REF6
BFS10 0.571 0 .0702 0 .3 3 4 4 -0 .0073 0 .0318 REF6
BFS11 0 .6268 0 .0632 0 .2432 0 .0572 0 .0 0 9 6 REF6
BFS04 0 .7037 0.0171 0 .0848 0 .1 6 0 7 0 .0 3 3 7 P P 1 /P P 2
BFS05 0 .706 0 .0189 0.0971 0 .1 5 8 7 0 .0 1 9 3 P P 1 /P P 2
BFS06 0 .6707 0 .0286 0.1501 0 .1319 0 .0187 P P 1 /P P 2
BFS08 0.3996 0 .0149 0 .6 0 7 7 0 .0238 -0.0461 P P 1 /P P 2
BFS07 0 .6496 0.032 0.2421 0 .0913 -0.0151 P P 1 /P P 2
BFS12 0 .5875 0 .0188 0 .2 5 3 5 0.1101 0.0301 REF6
Table 7.12: Back-calculated End Member Mixing Proportions of PCB Congeners in 
Bluegill Samples.
1 6 0
This is consistent with the cos theta results which show the highest similarity of EM l 
characteristics to reference area 5 and Site 49F sediments. Since the Site 49F tributary 
and reference area 5 locations are in close proximity and showed similar sediment 
profiles of Aroclor 1260, these results are consistent with a species that fed on prey 
items in both areas. Of the remaining three bluegill samples taken in the Site 49F 
tributary, two showed higher proportional (60-74%) influence from EM3 and one from 
EM5 (75% proportional influence). Of the bluegill samples collected in reference area 6, 
the PVA model calculated that all were more proportionally influenced (57-80%) from 
EM l. This result was not expected, as the cos theta calculations for bluegill EM l 
showed the highest similarity to reference area 5 and Site 49F sediments, which are 
spatially very removed from reference area 6. The reason for this disparaging result is 
uncertain although there are several potential explanations: 1. the bluegill samples are 
whole body composites of different small class species that may have larger home 
ranges than bluegill; 2. extreme weathering processes have further attenuated the 
original PCB profiles; 3. there are additional source(s) upgradient from reference area 5 
with PCB profiles similar to reference area 6 sediments; or 4. potential spatial 
autocorrelation from the lack of all bluegill having equal chance of exposure to 
sediments collected may have biased the PVA, creating anomalous outputs. For bluegill 
samples collected in reference area 7, proportional influence was calculated to be from 
EM2, EM3, and EM4 (ranging from 54-93%). Bluegill similarity index calculations for 
these end-members suggest a higher similarity for reference area 7 sediments in EM3, 
but relatively low similarities for any o f the sediments for EM2 and EM4.
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7.5 Isotopic Results and Analysis
7.5.1 Results from GC/M S screening
As previously mentioned, interferences were monitored and controlled via the mass 
filter and/or correction factors that were applied to control positive bias when co­
eluting ion fragments were found during the congener evaluations. However, isotopic 
analyses depend upon absolute peak purity, because compound specific isotope analysis 
(CSIA) is actually performed on the specific chromatographic fractions identified. To  
identify potentially interfering compounds prior to the isotopic analysis, all samples 
were analyzed on GC/M S in the full-scan as well as in the single ion monitoring (SIM) 
mode. (See accompanying chromatographic scans in Appendix.) This GC/M S analysis 
confirmed that all samples had SIM traces that showed a clear profile of PCBs. From a 
comparison o f SIM and full scan traces, it can furthermore be concluded that PCBs are 
the major compounds in most o f the provided sediment samples. However, Sediment3 
and Sediment8, as well as most tissue extracts, also contained lipids, ra-alkanes, and/or 
phthalates, potentially compromising isotopic analysis. Using the optimized conditions, 
there was baseline separation of the PCB-180 peak from the PCB-193 congener peak. 
The accompanying chromatograms of the PCB-180 standard and samples show a PCB- 
180 and a baseline-separated peak close to that of PCB-180. However, PCB-109 
potentially co-elutes with PCB-110. Based on peak shapes and the full-scan analysis of 
each extract, it was confirmed that there was no apparent indication of this co-elution. 
Note that PCB-193 content is typically <5% of PCB-180, and PCB-109 is <1% of PBC- 
110 in various Aroclor mixtures, including those identified from the Site 49F and 
reference source locations. Therefore, the potential for PCB-193 and PCB-109 to 
influence the S37C1 of PCB-180 and PCB-110, respectively, is limited.
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7.5.2 Chlorine Isotopic Analysis
Chlorine isotopes were measured based on a method evaluated for polychlorinated 
ethenes, for phenols, and for D D T  (Aeppli et al., 2010). Out of the 17 samples retained 
for isotopic analysis, 12 were measured. The following samples were not measured, 
mostly because of low concentration or interfering non-PCB compounds: Sediment 8, 
Tissue-9, T issue-11, T issue-12, and T issue-13 (see accompanied chromatograms of all 
samples as described in G C/M S screening). The results are shown in Table 7.13 and 
Figure 7.47. Table G. 1 in the Appendix contains the comprehensive list of results 
including individual measurement replicates. These results have been corrected for the 
linearity effects caused by the differences in concentration.
PCB180 PCB 149 PCB 110
dS7CI (%o vs SMOC) n d37CI (%o vs SMOC) n d37CI (%o vs SMOC) n
Sample Mean Std Dev Mean Std Dev Mean Std Dev
Aroclorl260 •3.9 1.6 6 •2.7 1.6 6 •2.0 1.2 6
ProcesQC •2.9 0.9 6 ■3.1 0.3 6 -3.3 0.7 6
RefArea7 •7.6 1.4 6 •3.8 0.4 5 -5.6 1.5 5
SB01 ■3.4 0.5 5 •2.3 1.7 5 -7,3 2.0 6
SB07 -3.2 0.6 6 -3.1 0.5 6 -3.2 0.6 6
Sediment2 •3.5 0.5 6 -3.4 0.2 6 -3.6 0.8 6
Sediments ■8.3 0.6 5 -2.8 1.1 6 -14.6 14,6 5
TissueB •7.0 0.6 6 •2.9 1.2 6 •5.2 0.9 5
Tissues •2.8 0.9 5 -3.1 0.8 6 ■5,9 2,6 5
TissuelS -3.0 0.9 5 -2,8 2,1 5 -4,2 2.0 5
TissuelS -3.6 0.6 5 -4.5 3.0 6 8.0 5.3 6
Tissuel7 -2.3 1.1 5 -2.8 1.1 6 0.1 2.1 6
Table 7.13 . Measured 8 37CI Values (expressed as %o vs isotopic standard), Standard 
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Figure 7.31. 5 37CI Results. Closed Points are Measured § 37CI Values with Standard 
Deviations £ 2. Open Points are Those with Standard Deviations > 2 and Generally 
Assumed to be Unreliable Using This Method.
As can be seen from Table 7.13 and Figure 7.47, an analytical precision of < l%o was 
achieved for 18 out of 33 measurements (11 samples times 3 PCB congeners). 
Furthermore, an analytical uncertainty of < 2%o was achieved for all but eight samples. 
Carp tissue sample 15 and carp tissue sample 16 for PCB-149 had excessive uncertainty 
relative to the proposed usable precision criteria o f 2 sigma. Site 49F sediment sample 
SB01, gizzard shad tissue 6, and carp tissue sample 15 also exceeded the two sigma 
criteria. Increased standard deviations and subsequent analytical uncertainties were 
likely the result o f either insufficient concentration (resulting in large signal-to-noise 
ratios of the mass traces) or interfering compounds. SIM traces of all investigated PCB 
congeners and samples were previously given.
The majority o f the 837C1 values for the Aroclor and environmental samples are 
consistent with a previous study of chlorine isotopes by Reddy (2000), which found a 
837C1 range of -2.25 to -4.54%o for Hudson River sediment samples. That study also
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found that most of the PCB profiles detected in sediments were also within the 
analytical variability of Aroclor source materials. This suggests that in most cases, 
there is little fractionation in sediment samples and isotope ratios are conserved in most 
cases. For the measurements made in this research where the analytical uncertainty 
was < 2 %o, the following observations were made: First, the 837C1 of all samples except 
RefArea7, Site 49F Sediments, and Tissue3 fall within the range of upgradient Site 49F 
soil sample SB07. Second, the 837C1 range of SB07 is the same as the Aroclor 1260 used 
for the Process QC sample. Third, PCB-180 837C1 values are outside the area of SB07 for 
RefArea7, Tissues, and Sediment3. This behavior can also be observed for PCB-110 of 
the former two samples (no reliable measurement was possible for Sediment3), Tissue 6, 
and Tissue 15, although these last three samples had a higher degree of uncertainty. 
Fourth, within the analytical uncertainty, all determined PCB-149-S37C1 values are 
within the same range although reference area 7 sediment was lower than the Site 49F  
samples. In addition, low concentrations and/or interfering compound made 
measurement of the PCB-110 — the congener that elutes earliest of these congeners on 
GC — challenging. Reasons for this behavior might be (i) increased risk of evaporation 
of this congener (in the environment or during sample handling), leading to low 
concentration, or (it) the possibility o f interfering lipid compounds in the PCB-110 
region of the chromatogram (see traces above). Lastly, the difference in the 837C1 values 
between the Aroclor 1260 and the processed QC sample for each of the PCB congeners 
were all within analytical error, suggesting that there was no significant fractionation 
that occurred during the extraction, cleanup, and sample preparation procedures.
Lastly, the isotopic results suggest that, in most o f the samples evaluated, most o f the 
fish tissues for gizzard shad and carp showed a common 837C1 signal to Site 49F
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sediments for PCB-110, -149, and -180. Unfortunately, there are no isotopic data for 
samples from reference area 5 being that these locations showed the same Aroclor 1260 
source profiles as those from Site 49F. However, there was also a distinct 537C1 
similarity for PCB-110 in a reference area7 sediment and in one shad gizzard tissue 
sample (tissue 6) although the uncertainty was higher.
166
7.5.3 Carbon Isotopic Analysis
Only four of the 17 samples were analyzed for 813C (Figure 7.32) via CSIA: Process 
(Aroclor 1260) QC, Site 49F soil samples SB01 and SB07, and Site 49F downgradient 
Sediment2. Samples containing interfering non-PCB compounds were not analyzed 
because the 8 13C analysis necessitates complete baseline-separation of compounds (due 
to conversion to C 0 2 of all compounds). Other sample results could not be reported 
because the catalyst used to convert organic compounds to CO2 became saturated 
resulting in analysis failure and there was insufficient sample to repeat the analysis. 
Chromatograms for 813C analysis are presented in the Appendix (Figures F. 1-F.7). 
Based on the 813C analysis, the following findings from 837C1 analysis can be confirmed: 
(i) SB01, SB07 and Sediment2 have the same isotopic fingerprint, and (it) this 
fingerprint agrees with that of Aroclor 1260 (present in the Process QC sample).
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Figure 7.32. 813C Results
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8: Final Conclusions
The success o f any environmental forensic investigation is dependent upon the 
ability to isolate a key, defining feature or attribute of one source from another, 
providing scientific evidence of the "smoking gun.” The acquisition of evidence began 
with locating and fingerprinting PCB sources. The evaluation o f the congener profiles 
in Waller Mill reservoir sediments showed a distinct difference in the sources. As 
clearly seen in Figure 7.10, soil samples from the upland Site 49F pool source show a 
strong correlation with Aroclor 1260. A relatively unaltered Aroclor 1260 signature is 
maintained in the Site 49F transport pathway sediments through the tributary C 
conveyance to the headwaters of the inlet down to preferential pathway 1. In tributary 
C, concentrations were higher in the subsurface sediments (1-97 ug/kg) than in the 
surface sediments (1-71 ug/kg), and correlated with TOC. However, concentrations 
were higher in the next depositional area at preferential pathway 1 where surface 
sediments were higher (1-201 ug/kg) than the subsurface sediments (1-64 ppb). From 
here, PCB concentrations continued to attenuate with increasing distance. Reference 
area 5 sediment samples showed the same Aroclor 1260 signature, while the majority of 
the reference area 6 and 7 sediments showed a relatively unaltered Aroclor 1254 
signature. Although reference area 5 is proximal to the Site 49F tributary, a previous 
hydrological model suggests that this area is upgradient of Site 49F and not influenced 
by contamination from this pathway. Similarities between the Site 49F sediments 
(including tributary C and most of the preferential pathway 1 sediments) and reference 
area 5 sediment samples are further supported in the dendrogram (Figure 7.11 ) and in 
the cos theta similarity indices between sediments (section 7 data tables). Note that 
most of the upper portion of Waller Mill reservoir (north of reference area5 and area 6)
168
was not sampled and represents a significant area of potential anthropogenic inputs that 
were not investigated. Sediments collected in areas farther downgradient from both 
reference area 5 and Site 49F (preferential pathway 2 and farther into the reservoir 
proper), however, lost the prominent 1260 signature and began to show more of a 
correlation with reference areas 6 and 7 sediments. Clearly, Site 49F is the only 
contributing source to tributary C and down-gradient locations to the confluence of 
where the tributary meets the main stem of the reservoir. This is confirmed by the lack 
of other anthropogenic activities in this subwatershed and the consistent PCB 
signatures from the pool source through this conveyance.
The nature of the sediment fingerprint and environment of reference areas 6 and 7 
were markedly different than that of the Site 49F tributary. Sample locations were 
taken as transects rather than gradient samples in the reference areas, as the primary 
objective was to determine the presence of sources rather than the fate and transport of 
those sources. The sediments in reference area 7 had the highest concentrations of 
PCBs detected in this study. Reference area 7 was bordered by an access road with an 
overhead power line. It is reasonable that this area was the historical location of power 
transformers that led to the contamination. It is also noted that reference areas 6 and 7 
were both shallow, anoxic areas with noticeable algal blooms at the time of sampling. 
The sediments in these low energy areas both showed higher concentrations of PCBs in 
the subsurface. In addition, the dendrogram and the cos theta tables both confirm that 
reference area 6 and reference area 7 samples have a strong similarity to the sediments 
in preferential pathway 4. Reference area 6 subsurface sediments had a 0.992 similarity 
to subsurface sediments from preferential pathway 4, and surface samples from the same 
location showed a 0.996 similarity. These two areas are far removed, and it is not likely
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that sediments from these areas have co-mingled. Therefore, either excessive 
weathering has resulted in highly resistant (and similar) residuals at both locations 
and/or there are other sources that have not been identified.
The evaluation of sediments included defining the nature of the Navy release and the 
identification of other sources in order to satisfy Navy policy. Subsequent exposure of 
biota to the PCBs and further movement up the foodweb was evaluated by continuing 
the forensic study to fish tissue. The challenge was exacerbated since profiles were 
further altered via metabolic processes during bioaccumulation, since the nature of 
exposure was dependent upon the diet items of each species, and since most species did 
not have site fidelity relative to the previously characterized sediments. The major 
chemical variations among tissue samples can commonly be described more concisely in 
terms of a few actual or theoretical end-members than in terms of each one of the 
compositional variables.
Gizzard Shad: The PVA model estimated the presence of five end members. Of the 17 
gizzard shad samples analyzed, the PVA predicted that nine of the samples showed the 
highest contribution (33% of total) from EM3 (cos theta similarity 0.817/Site 49F-PP4 
surface sediments and 0.812/Ref6 surface sediments). The model predicted end 
member 1 as having the second highest contribution (28% of total) with similarity of 
0.825(Ref5 surface sediments) and 0.802(Site 49F inlet surface sediments).
Catfish: The PVA model estimated that there are four end members that likely led to 
the body burdens of PCBs in catfish. Half o f the catfish samples used in the PVA 
analysis showed the highest contribution (36% of total) from EM2 (cos theta similarity 
0.885/Ref5 surface sediments and 0.875/49-inlet surface sediments). The model 
predicted end member 1 as having the second highest contribution (31% of total) with
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similarity of 0.864(Site 49F-PP4 surface sediments) and 0.852(Ref6 surface sediments). 
The other catfish end members showed the highest similarities to ref5 sediments. 
Striped Bass: The PVA model mixing compositions were similar to those obtained for 
bluegill. The model predicted five end members that likely led to the body burdens of 
PCBs in striped bass. Half o f the striped bass samples used in the PVA analysis showed 
the highest contribution (35% of total) from EM5 (cos theta similarity 0.789/Site 49F- 
PP2 surface sediments and 0.770/Ref5-surface sediments). The model predicted end 
member2 as having the second highest contribution (23% of total) with similarity of
0.783(Site 49F-inlet surface sediments) and 0.728(Ref5 surface sediments). The other 
striped bass end members showed low proportional contributions with similar cos theta 
correlations to Site 49F and all reference locations suggesting a broad contribution 
from many sources and/or heavy alteration of the PCB profiles.
Bluegill (small class fish): The PVA model estimated that there are five end members 
that likely led to the body burdens of PCBs in small class fish. Over half of the catfish 
samples used in the PVA analysis showed the highest contribution (43% of total) from 
EM l (cos theta similarity 0.913/Site 49F-inlet surface sediments and 0.897/Ref5- 
surface sediments). However, there was also a strong correlation (cos theta>0.8) with 
other Site 49F sediments taken through the tributary. As it was assumed that the small 
class fish have more site fidelity and that body burdens might be more representative of 
the sediments in the locations of which they were collected, it was surprising that four 
of the small class fish (BFS-09, -10, and -11) with higher EM l mixing proportions were 
actually collected in reference area 6 (see Table 7.12). Reference area 6 is on the 
opposite side of the main channel o f the reservoir and slightly upgradient of the Site 
49F conveyance. But is certainly reasonable that that these fish may have been exposed
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to PCBs in these areas. There is a possibility of contributions of other source(s) that 
have similar ref6 profiles and/or complications of weathering. It is also likely that a 
spatial autocorrelation effect has influenced the PVA model. The limited home range of 
these small class fish, compared to all of the other larger species that have an equal 
chance of exposure to the entire reservoir may have biased the model. This is further 
exacerbated by the fact that small class fish were not collected in reference area 5. 
Evaluation of PCB profiles in small class fish and the co-located sediment samples do 
suggest PCB profile correlation in tissue of small class fish to that o f their surrounding 
sediments in both the Site 49F and reference area6 samples. The exception is for 
reference area 7 sediments. Even though reference area 7 sediments had the highest 
measured levels of PCBs, the relative distribution of higher chlorinated PCBs found in 
tissue of small class fish were not found in the same relative amounts in sediment. 
Similarly, lower chlorinated congeners were detected in the sediments but were not 
found in the tissue of small class fish taken in the same area. A plot of the fish tissue 
principal component analysis PCA (Figure 8.1) where the location of individual small 
class fish (bluegill) was identified separately is an additional line of evidence that the 
small class fish in reference area7 are not represented in the primary components with 
the same general trend as the other tissue samples. Collectively, this suggests that most 
of the sediments in reference area 7 are capped due to sedimentation and are not as 
readily bioavailable. However, due to the elevated (and relatively unweathered) PCB 
concentrations in reference area 7, this represents a potential risk if these undisturbed 
lenses were to become resuspended. Consistent with Navy policy and general research 
objectives, this evidence clearly represents legacy contamination from a non-Navy 
influence and potential future release and recontamination of the reservoir.
172
O bservations (axes F L and  F2: 48 .14  %)
-6
-8  ^
-8  -6  -4  -2  0  2 4 6
F l (29.57 %)
♦  4 9 F -B lu e g ill H R e f6 -B lu e g ill A  R e f7 -B lu eg ill X S h a d  XCS.Bass C a tfish  + C a r p
Figure 8.1. Plot of Primary Factors from Principal Component Analysis (PCA) of Fish 
Tissue.
Overall, fish tissue for the larger species showed a higher similarity and relative mixing 
proportions to the Site 49F and reference area 5 surface sediments. Carp were not 
included in the PVA, as there was insufficient sample for analysis. The PVA for bluegill 
(small class fish) is likely have limited utility due to suspected spatial autocorrelation 
bias in the calculations.
Isotope Analysis: As previously mentioned, the results for carbon isotope analyses were 
limited due to analytical issues. Isotopic carbon analysis confirmed that the 
downgradient sediments matched the 8 13C values from samples taken from the Site 49F 
source soils. No tissues were evaluated for S13C. Similarly, co-eluted peak impurity 
and/or low concentrations resulted in only 12 of the 17 samples being analyzed for 
chlorine isotope ratios. However, this is the first known example o f the application of
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standard-bracketing for isotopic analysis of PCB congeners, and while the limited data 
did not fully confirm the results of the PVA, there were no conflicting data. Congeners 
110, 180, and 149 were found to be free of co-eluting peaks. In a similar study by 
Yanik et al. (2003) using carbon isotopes, the authors noted a correspondence o f8 13C in 
congeners from Aroclor 1260 to congeners from tissue samples from grass carp. 
Although the isotopic signatures were not identical, the patterns of similarity (within 
analytical uncertainty) were supportive of the maintenance of isotopic signal in the food 
chain. When there were deviations between source and environmental sample values, 
the general trend was for grass carp extract PCBs to be isotopically enriched relative to 
the source PCBs. Enrichment of 8 13C in carp tissue relative to the Aroclor 1260 source 
was observed in that study for PCB 180, while PCB 110 remained unchanged (within 
analytical error). Reddy, et al. (2000) explored the differences in stable chlorine isotopes 
between Aroclor sources and sediments. All sediment samples fell with the range of 
source variability (2 std dev). The exceptions were the two samples that were depleted 
with respect to the Aroclor 1260 source. That study confirmed (using PCB 187 and 
PCB206) that in contrast to stable carbon isotopic compositions (Jarman et al., 1998) 
there are no large differences in stable chlorine isotope ratios in Aroclors. Changes in 
the total 837C1 are not due to changes in isotopic mass balance, but are more likely the 
result of an isotopic effect. Fractionation leading to enrichment indicates that the 
isotopically depleted molecules are preferentially used, transformed, or changed in some 
way from the original source signature. In the current forensic study, the 837C1 for PCB 
180 from reference area 7 and Site 49F sediment sample 3 are both isotopically distinct 
from the other sediments analyzed, indicating that fractionation has occurred. 
Subsequent enrichment of the tissue samples may have come from either of these
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sources. All samples for PCB 149 for sediments and tissue were within analytical error 
and therefore were inconclusive for source attribution. However, PCB 110 from 
Reference area 7 sediment was also isotopically distinct, while all of the other sediments 
and tissues were within analytical error (2 std dev). The previous study by Yanik et al. 
(2003) showed maintenance of the carbon iso topic signal for PCB 110 between 
sediments and grass carp. If the chlorine ratio is also conserved, the isotopic data 
suggests similar isotopic signatures between Site 49F sediments and tissues taken from 
carp and gizzard shad. While the isotopic data is anecdotal, it does support the PVA 
conclusions that PCB source signatures that are consistent with those from Site 49F (or 
a similar source) have primarily contributed to PCBs in gizzard shad and carp.
However, it should be emphasized that a large portion o f the upper portion of the 
reservoir (upgradient o f reference area 5 and more proximal to anthropogenic activities) 
has not been sampled for sediments or fish. Aroclor 1260 was a popular mixture and it 
is not unreasonable that both commercial and industrial users may have received the 
same transformer oil from the same manufacturer (and lot).
8.1 Future Research
Chromatographic impurities caused a significant problem with the isotopic analysis. 
Clearly, the isotopic analysis would have benefitted from applying more optimization to 
sample cleanup using specialized solid phase extraction and/or optimized gel 
permeation practices. Further chromatographic separation preventing co-elution is also 
recommended. The PVA model identified more end members for each species that did 
not match all known sediment profiles. While several end members could merely be 
varying signatures of the same source, it would be greatly beneficial to perform a more
175
extensive study o f the entire watershed in order to make a more conclusive statement 
regarding source apportionment. Future isotopic analysis on sediments, flora, 
microfauna, and fish should include a larger list of congeners. Those congeners should 
include parent and daughter PCBs, as isotopic fractionation factors could be calculated 
and could better resolve ultimate PCB fate and transport in the environment. Caged 
studies to provide in-situ calibration o f the PVA model for tissues would also be 
beneficial. Finally, the use o f the multi-injection, standard-bracketing procedure for 
isotopic analysis has many advantages over the previous methods. The isotopic ratios 
are performed on transient mass spectra; therefore, this method also has the capability 
of performing isotopic ratios on specific ion fragments of a molecule. More research in 
the application of this method to conservative PCB ion fragments would add yet 
another level o f forensic resolution to these types of studies.
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A. PCB CONGENER DISTRIBUTION IN AROCLOR MIXTURES
PCB CONGENER NUMBER 
IUPAC No. and (IUPAC 
Name)
AROCLOR (Percent Weight)
1016 1242 1248 1254 1260
1 (2-Chlorobiphenyl) .52 .54 .05 .02 .02
2 (3-Chloro) .02 .03
3 (4-Chloro) .15 .18 .01
4 (2,2’-Dichloro) 3.62 3.08 .32 .02 .02
5 (2,3-DichIoro) .17 .14 .00
6 (2,3’-Dichloro) 1.64 1.43 .13 .01 .01
7 (2,4-Dichloro) .29 .26 .02
8 (2,4’-Dichloro) 8.29 7.05 .81 .05 .04
9 (2,5-Dichloro) .58 .50 .04
10 (2,6-Dichloro) .23 .20
11 (3,3’-Dichloro)**
12 (3,4-Dichloro) .07 .06
13 (3,4’-Dichloro) .24 .22 .02
14 (3,5-Dichloro)
15 (4,4’-Dichloro) 2.40 2.10 .22 .01 .01
16 (2,2’,3-Trichloro) 3.88 3.14 1.04 .02 .01
17 (2,2’,4-Trichloro) 3.98 3.13 1.05 .02 .02
18 (2,2’,5-Trichloro) 10.86 8.53 4.29 .08 .05
19 (2,2’,6-Trichloro) .99 .80 .22
20 (2,3,3’-Trichloro) .88 .72 .14
21 (2,3,4-Trichloro) NM NM
22 (2,3,4’-Trichloro) 3.50 2.84 1.33 .02 .01
23 (2,3,5-Trichloro) .01 .01
24 (2,3,6-Trichloro) .16 .13 .01
188
25 (2,3’,4-Trichloro) .72 .59 .11
26 (2,3’,5-Trichloro) 1.57 1.28 .40
27 (2,3’,6-Trichloro) .51 .41 .12
28 (2,4,4’-Trichloro) 8.50 6.86 3.59 .06 .03
29 (2,4,5-Trichloro) .10 .08 .00
30 (2,4,6-Trichloro) .00
31 (2,4 ’, 5 -Tri chloro) 9.32 7.34 5.07 .11 .04
32 (2,4’,6-Trichloro) 2.37 1.90 .88 .01 .01
33 (2,3 ’,4’-Trichloro) 6.21 5.01 2.23 .05 .03
34 (2,3’,5’-Trichloro) .03 .02 .00
35 (3,3’,4-Trichloro) .05 .08 .00
PCB CONGENER NUMBER 
(IUPAC No.) and Chlorine 
Substitution Position
AROCLOR (Percent Weight)
1016 1242 1248 1254 1260
36 (3,3’,5-Trichloro)
37 (3,4,4’-Trichloro) 1.02 2.03 .79 .01 .01
38 (3,4,5-Trichloro)
39 (3,4’,5-Trichloro)
40 (2,2’,3,3 ’-Tetrachloro) .58 .76 1.13 .15
41 (2,2’,3,4-Tetrachloro) .76 .68 .77 .02
42 (2,2 ’ ,3,4 ’-Tetrachloro) 1.59 1.19 1.67 .09 .01
43 (2,2’,3,5-Tetrachloro) .28 .18 .30
44 (2,2’,3,5’-Tetrachloro) 4.47 3.55 6.31 .67 .03
45 (2,2’,3,6-Tetrachloro) 1.23 .89 1.09 .02
46 (2,2’,3,6’-Tetrachloro) .49 .36 .47
47 (2,2’,4,4’-Tetrachloro) 1.26 .93 1.49 .07
48 (2,2 ’ ,4,5 -Tetrachloro) 1.61 1.18 1.66 .05
49 (2,2’,4,5’-Tetrachloro) 3.35 2.53 4.12 .26 .01
50 (2,2’,4,6-Tetrachloro) .01 .00
189
51 (2,2’,4,6’-Tetrachloro) .32 .23 .30
52 (2,2’,5,5’-Tetrachloro) 4.63 3.53 6.93 .83 .24
53 (2,2’,5,6’-Tetrachloro) .95 .71 1.05 .04
54 (2,2’,6,6’-Tetrachloro) .01 .01
55 (2,3,3’,4-Tetrachloro) .10 .06
56 (2,3,3’,4’-Tetrachloro) .07 1.81 3.16 1.70 .02
57 (2,3,3 ’,5-Tetrachloro) .01 .02 .02
58 (2,3,3’,5’-Tetrachloro)
59 (2,3,3’,6-Tetrachloro) .41 .32 .37 .01
60 (2,3,4,4’-Tetrachloro) .04 1.18 1.85 .95 .04
61 (2,3,4,5-Tetrachloro)**
62 (2,3,4,6—Tetrachloro)
63 (2,3,4’,5-Tetrachloro) .06 .12 .17 .07
64 (2,3,4’,6-Tetrachloro) 1.87 1.70 3.01 .36 .01
65 (2,3,5,6-Tetrachloro)
66 (2,3 ’ ,4,4’-Tetrachloro) .39 3.39 5.84 3.56 .02
67 (2,3’,4,5-Tetrachloro) .06 .16 .13 .01
68 (2,3’4,5’-Tetrachloro)
69 (2,3’,4,6-Tetrachloro) .00
70 (2,3’,4’,5-Tetrachloro) ** .59 3.73 7.28 6.83 .04
71 (2,3 ’ ,4 ’ ,6-T etrachloro) 1.16 1.03 1.67 .11 .01
72 (2,3’,5,5’-Tetrachloro) .00 .01 .02
73 (2,3 ’,5 ’,6-Tetrachloro) .00 .00
74 (2,4,4’,5-Tetrachloro)** .33 1.81 3.14 2.19 .05
PCB CONGENER NUMBER 
(IUPAC No.) and Chlorine 
Substitution Position
AROCLOR (Percent Weight)
1016 1242 1248 1254 1260
75 (2,4,4’6-Tetrachloro) .06 .04 .08
76 (2,3 ’ ,4 ’, 5 ’ -Tetrachloro) .08 .13 .03
190
1 **




81 (3,4,4’,5-Tetrachloro) .01 .01 .00
82 (2,2 ’ ,3,3 ’ ,4-Pentachloro) .26 .81 1.53
83 (2,2’,3,3 ’,5-Pentachloro) 
** .11 .26 .56 .01
84 (2,2’,3,3 ’,6-Pentachloro) .05 .41 1.26 1.58 .11
85 (2,2’,3,4,4’-Pentachloro) .31 .98 2.49 .01
86 (2,2’,3,4,5-Pentachloro) 
** .03 .11 .10
87 (2,2’,3,4,5’-Pentachloro) 
** .46 1.45 3.41 .41
88 (2,2’,3,4,6-Pentachloro) .00 .02
89 (2,2 ’ ,3,4,6 ’ -Pentachloro) .09 .20 .11
90 (2,2’,3,4’,5-Pentachloro) 
** NM NM
91 (2,2 ’, 3,4 ’,6-Pentachloro) .06 .21 .63 .53 .01
92 (2,2’,3,5,5’-Pentachloro) .09 .38 .57 .30
93 (2,2’,3,5,6-Pentachloro) .00 .04
94 (2,2’,3,5,6’-Pentachloro) .01 .03 .01
95 (2,2’,3,5’,6- 
Pentachloro)**
.31 .61 1.96 1.84 2.45
96 (2,2’,3,6,6’-Pentachloro) .04 .03 .08 .01
97 (2,2 ’ ,3,4 ’,5 ’ -Pentachloro) 
** .38 1.22 2.78 .09
98 (2,2 ’ ,3,4 ’ ,6 ’ -Pentachloro)




101 (2,2 ’ ,4,5,5 ’ -Pentachloro) 
** .04 .69 2.22 5.49 3.13
102 (2,2 ’ ,4,5,6 ’ -Pentachloro) .04 .07 .19 .09
103 (2,2’,4,5’,6-Pentachloro) .02
104 (2,2’,4,6,6’-Pentachloro)
105 (2,3,3’,4,4’-Pentachloro) .00 .47 1.60 7.37 .22
106 (2,3,3’,4,5-Pentachloro)




** .06 .18 .78 .01
110 (2,3,3’,4’,6-Pentachloro) 





PCB CONGENER NUMBER 
(IUPAC No.) and Chlorine 
Substitution Position
AROCLOR (Percent Weight)
1016 1242 1248 1254 1260





117 (2,3,4’,5,6-Pentachloro) .03 .09 .19
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118 (2,3’,4,4’,5-Pentachloro) 





122 (2,3,3’,4’,5’-Pentachloro) .01 .06 .25
123 (2,3’,4,4’,5’-Pentachloro) .03 .07 .32
124 (2,3’,4’,5,5’-Pentachloro) 
** .03 .10 .47 .01
125 (2,3’,4’,5’,6-Pentachloro) 
** .02 .04 .03
126 (3,3 ’,4,4’,5-Pentachloro) .00 .02
127 (3,3 ’,4,5,5 ’-Pentachloro)
128 (2,2’,3,3’,4,4’- 
Hexachloro)





































141 (2,2’, 3,4,5,5’- 
Hexachloro)




























PCB CONGENER NUMBER 
(RJPAC No.) and Chlorine 
Substitution Position
AROCLOR (Percent Weight)
1016 1242 1248 1254 1260
153 (2,2’,4,4’,5,5’- 
Hexachloro)**
























.01 .06 .70 2.42
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209 Decachlorobiphenyl * * NM
Sum of Weight Percent 100.0 100.0 100.2 100.2 100.3
Table A.1 Congener Content in Aroclor Mixtures.
Data adapted front: Frame, G. M., Cochran, J. W., and Boewadt, S.S., J. High Res. Chromatogr., VoL 
19, pp  657-668 (1996).
Notes: IUPAC- International Union of Pure and Applied Chemists
Values shown as "NM" indicate congeners which were not measured
Highlighted congeners are the 13 “dioxin-like” PCBs identified by the EPA (2005?)
** Diagnostic congeners used for forensic fingerprinting in this study
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B. PCB DETECTION AND QUANTIFICATION LIMITS
EPA Quant
Polychlorinated Biphenyl C ongeners (NG/G) MDL Limit
2-Chlorobiphenyl (1) 0.427789 2.138947
3-Chlorobiphenyl (2) 0.749124 3.74562
4-Chlorobiphenyl (3) 0.888173 4.440863
2,2'-Dichlorobiphenyl (4) 0.563496 2.817482
2,6-Dichlorobiphenyl (10) 0.267341 1.336704
2,5-Dichlorobiphenyl (9) 0.882257 4.411286
2,4-Dichlorobiphenyl (7) 0.728487 3.642437
2,3’-Dichlorobiphenyl (6) 0.687191 3.435953
2,3-Dichlorobiphenyl (5) 0.774636 3.87318
2,4'-Dichlorobiphenyl (8) 0.624787 3.123935
2,2’,6-Trichlorobiphenyl (19) 0.31372 1.568602
3,5-Dichlorobiphenyl (14) 0.80579 4.028949
Congeners (30/18) 0.915403 4.577014
3,3'-Dichlorobiphenyl (11) 0.613332 3.066662
2,2',4-Trichlorobiphenyl (17) 0.37099 1.854949
Congeners (13/12) 2.103775 10.51887
2,3,6-Trichlorobiphenyl (24) 0.663857 3.319286
2,3',6-Trichlorobiphenyl (27) 0.662277 3.311386
2,2',3-Trichlorobiphenyl (16) 0.196708 0.983539
4,4-Dichlorobiphenyl (15) 1.279905 6.399525
2,4’,6-Trichlorobiphenyl (32) 0.569491 2.847454
2,2',6,6'-Tetrachlorobiphenyl (54) 0.406434 2.032171
2,3',5'-Trichlorobiphenyl (34) 0.699933 3.499666
2,3,5-Trichlorobiphenyl (23) 0.681579 3.407894
Congeners (26/29) 1.482412 7.41206
Congeners (50/53) 0.577536 2.887681
2,3',4-Trichlorobiphenyl (25) 0.661847 3.309237
2,4‘,5-Trichlorobiphenyl (31) 0.772729 3.863645
Congeners (28/20) 0.637196 3.185982
Congeners (21/33) 1.630086 8.150429
Congeners (45/51) 1.109169 5.545844
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2,2',3,6'-Tetrach!orobiphenyl (46) 0.596059 2.980295
Congeners (43/73) 1.016813 5.084066
Congeners (69/49) 0.995903 4.979514
2,3,4-Trichlorobiphenyl (22) 0.677913 3.389565
2,2',5,5'-Tetrachlorobiphenyl (52) 0.473076 2.365378
2,2',4,5-Tetrachlorobiphenyl (48) 0.936947 4.684734
3,3',5-Trichlorobiphenyl (36) 0.887926 4.439628
Congeners (44/47/65) 2.418692 12.09346
2l2\4,6,6'-Pentachlorobiphenyl (104) 0.769001 3.845003
Congeners (59/62/75) 2.040997 10.20498
3,4',5-Trichlorobiphenyl (39) 1.04272 5.213601
2,2',3,4'-Tetrachlorobiphenyl (42) 0.697932 3.489662
3,4,5-Trichlorobiphenyl (38) 0.704283 3.521414
2,3',4,5-Tetrachlorobiphenyl (67) 0.788445 3.942223
Congeners (41/40/71) 2.514093 12.57047
2,2',3,6,6'-Pentachlorobiphenyl (96) 0.622707 3.113535
3,3’,4-Trichlorobiphenyl (35) 1.390561 6.952804
3,4,4'-Trichlorobiphenyl (37) 1.175991 5.879955
2,3',5,5'-Tetrachlorobiphenyl (72) 1.052126 5.26063
2,3,4',6-Tetrachlorobiphenyl (64) 0.683985 3.419927
2,2',4,5',6-Pentachlorobiphenyl (103) 0.776055 3.880274
2,3',4,5'-Tetrachlorobiphenyl (68) 0.931959 4.659796
Congeners (93/100) 1.417986 7.089932
2,3,3',5-Tetrachlorobiphenyl (57) 0.565648 2.82824
2,2',3,5,6'-Pentachlorobiphenyl (94) 0.66771 3.338551
2,3',4,4-Tetrachlorobiphenyl (66) 1.183996 5.919979
Congeners (98/102) 1.165512 5.827558
Congeners (61/70/74/76) 3.246883 16.23442
2,3,4',5-Tetrachlorobiphenyl (63) 0.874525 4.372627
2,2',3,5',6-Pentachlorobiphenyl (95) 0.268371 1.341856
Congeners (88/91) 0.445516 2.227578
2,3,3',5'-Tetrachlorobiphenyl (58) 0.83509 4.175452
2,3',4,5',6-Pentachlorobiphenyl (121) 0.703829 3.519146
2,2',4,4',6,6'-Hexachlorobiphenyl (155) 0.699857 3.499285
3,3',5,5'-Tetrachlorobiphenyl (80) 0.93046 4.652298
2,3,3',4-Tetrachlorobiphenyl (55) 0.93046 4.652298
201
2,2',3,5,5'-Pentachlorobiphenyl (92) 0.564975 2.824873
2,2',3,3',6-Pentachlorobiphenyl (84) 0.798478 3.992391
2,2',3,4,6,-Pentachlorobiphenyl (89) 0.798478 3.992391
2,3,3',4'-Tetrachlorobiphenyl (56) 0.755826 3.779131
Congeners (113/90/101) 1.766719 8.833594
2,3,4,4-Tetrachlorobiphenyl (60) 1.089082 5.445412
Congeners (83/99) 1.530461 7.652303
2,2',3,4',6,6'-Hexachlorobiphenyl (150) 0.47727 2.38635
2,2’,3,5,6,6'-Hexachlorobiphenyl (152) 0.455999 2.279997
Congeners (86/87/97/109/119/125) 4.160359 20.80179
2,3,3',5,6-Pentachlorobiphenyl (112) 0.710866 3.554328
2,3',4,5,5’-Pentachlorobiphenyl (120) 0.473761 2.368806
2,2',3,4,6,6'-Hexachlorobiphenyl (145) 0.219854 1.099268
3,3',4,5'-Tetrachlorobiphenyl (79) 0.625398 3.126988
2,3,3',5,5'-Pentachlorobiphenyl (111) 0.761953 3.809766
2,2',3,4',5,6'-Hexachlorobiphenyl (148) 0.589628 2.948142
3,3',4,5-Tetrachlorobiphenyl (78) 0.749976 3.749878
2,2',3,3',6,6'-Hexachlorobiphenyl (136) 0.629678 3.148392
2,3,4',5,6-Pentachlorobiphenyl (117) 0.819496 4.097482
Congeners (110/115) 1.653362 8.266808
Congeners (85/116) 1.540491 7.702455
2,2',4,4',5,6'-Hexachlorobiphenyl (154) 0.589317 2.946585
3,4,4',5-Tetrachlorobiphenyl (81) 1.497484 7.487422
Congeners (151/135) 1.251862 6.259312
2,2',3,3',4-Pentachlorobiphenyl (82) 0.72892 3.6446
2,2',3,4,5',6-Hexachlorobiphenyl (144) 0.635161 3.175806
3,3',4,4'-Tetrachlorobiphenyl (77) 1.530624 7.653121
2t2\3,4',5,5'-Hexachlorobiphenyl (146) 0.482319 2.411596
Congeners (147/149) 1.333865 6.669324
Congeners (139/140) 1.017727 5.088635
Congeners (108/124) 1.526738 7.63369
2,2',3,4,5,6'-Hexachlorobiphenyl (143) 0.645239 3.226193
2,3,3',4',5-Pentachlorobiphenyl (107) 0.958819 4.794096
2,3',4,4',5’-Pentachlorobiphenyl (123) 0.958819 4.794096
2,3,3',4,5-Pentachlorobiphenyl (106) 0.919036 4.59518
2,2',3,3',5,6-Hexachlorobiphenyl (134) 0.746556 3.73278
202
2,2',3,4',5,6,6'-Heptachlorobiphenyl (188) 0.568745 2.843723
2,3’,4,4',5-Pentachlorobiphenyl (118) 1.115535 5.577677
2,2',3,4,5,6-Hexachlorobiphenyl (142) 0.751428 3.757142
2,2',3,3',4,6-Hexachlorobiphenyl (131) 0.56027 2.801351
2,2’,3,3',5,5’-Hexachlorobiphenyl (133) 0.56027 2.801351
2,2',3,4,4',6,6'-Heptachlorobiphenyl (184) 0.521614 2.608072
2,3,3',4',5'-Pentachlorobiphenyl (122) 0.909325 4.546627
2,3,3’,5,5',6-Hexachlorobiphenyl (165) 0.660724 3.303621
2,3,4,4',5-Pentachlorobiphenyl (114) 0.943484 4.717422
2,3,3',4,5',6-Hexachlorobiphenyl (161) 0.423639 2.118196
Congeners (138/163/129) 2.145433 10.72717
2,2',3,3',4,6’-Hexachlorobiphenyl (132) 0.727404 3.63702
2,2',3,3',5,6,6'-Heptachlorobiphenyl (179) 0.431311 2.156555
2,3,3',4,4'-Pentachlorobiphenyl (105) 1.216959 6.084796
2,2',3,4,5,5'-Hexachlorobiphenyl (141) 0.800618 4.003092
2,2',3,3',4,6,6'-Heptachlorobiphenyl (176) 0.556852 2.784261
2,2',3,4,4',5-Hexachlorobipheny! (137) 0.808357 4.041785
3,3',4,5,5'-Pentachlorobiphenyl (127) 0.826216 4.131082
2,2',3,4,5,6,6'-Heptachlorobiphenyl (186) 0.566655 2.833274
2,2',3,3',4,5'-Hexachlorobiphenyl (130) 0.741889 3.709443
2,3,3',4',5',6-Hexachlorobiphenyl (164) 0.777349 3.886743
Congeners (153/168) 1.24899 6.244948
2,3,3',4,5,6-Hexachlorobiphenyl (160) 0.656612 3.283059
2,2',3,3',5,5',6-Heptachlorobiphenyl (178) 0.594427 2.972134
2,3,3',4,4',6-Hexachlorobiphenyl (158) 0.717309 3.586544
2,2',3,3',4,5’,6-Heptachlorobiphenyl (175) 0.590823 2.954117
2,2',3,4,4\5,6'-Heptachlorobiphenyl (182) 0.590908 2.954541
2,2’,3,4',5,5’,6-Heptachlorobiphenyl (187) 0.451229 2.256147
2,2',3,4,4',5',6-Heptachlorobiphenyl (183) 0.65597 3.279851
Congeners (128/166) 1.56589 7.82945
3,3',4,4',5-Pentachlorobiphenyl (126) 0.984231 4.921157
2,3,3',4,5.5'-Hexachlorobiphenyl (159) 0.832322 4.161609
2,3,3',4',5,5,-Hexachlorobiphenyl (162) 0.796016 3.980079
2,2‘,3,4,5,5',6-Heptachlorobiphenyl (185) 0.633094 3.165471
2,2',3,3,,4,5,6’-Heptachlorobiphenyl (174) 0.791681 3.958407
2,3’,4,4',5,5'-Hexachlorobiphenyl (167) 0.882908 4.414539
203
2,2',3,4,4',5,6-Heptachlorobiphenyl (181) 0.489872 2.449361
2,2',3,3,,5,5',6,6'-Octachlorobiphenyl (202) 1.110991 5.554956
2,2',3,3’,4,5\6’-Heptachlorobiphenyl (177) 0.505999 2.529996
Congeners (171/173) 1.435469 7.177345
2,2',3,3,,4,5',6,6'-Octachlorobiphenyl (201) 0.431982 2.15991
2,2\3,4,4\5,6,6'-Octachlorobiphenyl (204) 0.431952 2.159758
2,2'.3,3,,4,4',6,6'-Octachlorobiphenyl (197) 0.668234 3.341169
2,2',3,3',4,5,5'-Heptachlorobiphenyl (172) 0.709502 3.547508
Congeners (156/157) 1.477314 7.386571
2,3,3',4,5,5’,6-Heptachlorobiphenyl (192) 0.65322 3.266099
Congeners (180/193) 1.389995 6.949977
2,2',3,3',4,5,6,6'-Octachlorobiphenyl (200) 0.63453 3.172648
2,3,3',4,4’,5',6-Heptachlorobiphenyl (191) 0.707297 3.536486
2,2',3,3',4,4',5-Heptachlorobiphenyl (170) 0.714447 3.572235
Congeners (198/199) 1.066181 5.330903
2,3,3',4,4',5,6-Heptachlorobiphenyl (190) 0.638766 3.193832
3,3',4,4',5,5'-Hexachlorobipheny! (169) 0.612028 3.060138
2,2',3,3’,4,4',5,6'-Octachlorobiphenyl (196) 0.713533 3.567666
2,2',3,4,4',5,5',6-Oclachlorobiphenyl (203) 0.7112 3.556001
2,2',3,3',4,5,5',6,6'-Nonachlorobiphenyl (208) 0.668976 3.344878
2,3,3',4,4’,5,5'-Heptachlorobiphenyl (189) 0.987805 4.939023
2,2’,3,3’.4,4',5,6,6'-Nonachlorobiphenyl (207) 0.648828 3.244141
2,2',3,3',4,4',5,6-Octachlorobiphenyl (195) 0.968012 4.840059
2,2',3,3',4,4',5,5'-Octachlorobiphenyl (194) 2.288089 11.44045
2,3,3',4.4',5,5',6-Octachlorobiphenyl (205) 2.175428 10.87714
2,2‘,3,3',4,4',5,5',6-Nonachlorobiphenyl (206) 0.62778 3.1389
Decachlorobiphenyl (209) 0.36564 1.828201
Table B.1 PCB Detection and Quantification Limits.
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C. RESULTS OF QUALITY CONTROL SAMPLES
S am ple Date

















































































14.1 10.39 3.9 122 94.041
27.3 15.05 5.1



















































































































































































































Table C.1 Results of QC Samples
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Bluegill (n=16) Catfish (n= 13)
max rank mean dev
4.5 132 3.4 0.7
40.9 87 15.4 22.1
7.2 124 5.3 1.6
15.8 115 11.0 3.3
0.0 140
43.1 86 22.8 28.8
2.8 135 2.8
10.7 119 7.7 2.6
0.0 140
62.3 79 34.2 18.5
4.9 130 4.1 1.0
0.0 140
88.6 75 32.9 31.4
8670.0 1 1651.2 3438.7
45.1 85 17.4 18.5
6.9 125 6.9
1.0 139 0.8 0.3
6.9 125 2.9 1.7
33.4 92 17.1 11.1
391.0 35 92.1 167.1




32.7 93 11.7 14.0
37.8 88 12.3 14.7
18.2 113 5.1 6.4
251.0 45 88.2 108.6
513.0 27 163.8 232.8
198.0 52 66.3 87.9
64.7 77 24.9 34.5
16.3 114 5.3 7.3
19.7 110 9.3 9.6
850.0 19 132.0 254.0
_.d---- V
max rank mean dev
26.1 72 13.6 12.1
0.0 124
2.8 115 2.8
16.7 83 15.7 1.5





42.3 63 21.6 11.9
3.1 112 2.7 0.6
0.0 124
21.7 76 17.8 5.5
0.0 124
10.2 97 10.2
57.7 53 35.2 25.0
0.0 124
1.4 123 1.3 0.2
12.7 93 12.7
12.6 94 11.7 1.3





5.2 107 3.9 1.2
2.4 118 2.4
45.6 60 31.4 15.3
436.5 14 121.7 177.2













































110.0 66 34.6 42.2
1180.0 14 312.4 421.7
99.2 67 18.0 33.0
0.0 140
1100.0 15 237.9 385.6
0.0 140
96.3 69 12.0 25.0
0.0 140
265.0 44 37.7 85.4
0.0 140
19.5 111 5.3 6.7
416.0 32 61.1 133.6
7.3 123 4.3 4.1
29.8 98 6.5 9.6
96.2 70 30.6 43.8
31.3 96 7.5 13.3
551.0 26 93.2 167.0
21.4 107 7.3 5.7
28.6 100 6.5 9.2
28.0 101 7.0 9.4
0.0 140
7.8 122 5.4 3.4
2270.0 8 280.7 661.2
52.2 83 13.9 19.3
2170.0 10 347.3 648.6
55.1 81 8.2 15.7
1280.0 13 391.0 457.9






582.0 23 163.2 175.5
347.0 36 126.5 139.3
18.6 112 5.9 8.5
474.0 30 69.3 152.0
2880.0 7 767.9 851.4
165.0 59 28.1 48.4
3080.0 6 521.2 833.5
23.6 73 14.7 10.3
461.1 13 171.7 156.3
18.1 81 8.6 6.3
0.0 124
253.8 20 100.9 74.8
0.0 124
6.1 104 4.2 1.7
0.0 124
7.3 102 6.5 0.8
0.0 124
33.6 68 21.7 8.2
161.5 32 65.0 59.7
0.0 124
1.5 122 1.5
13.7 91 11.9 2.5
18.9 80 18.9






143.4 33 69.8 36.4
20.7 78 12.1 7.4
526.0 12 202.0 151.8
2.5 117 2.3 0.3
778.5 8 302.9 250.6






166.5 29 64.5 39.3
297.1 16 81.2 89.4
0.0 124
184.3 27 64.6 63.0
1709.7 2 515.5 454.0
71.2 48 33.6 20.6











































2.6 136 1.8 1.2 0.0 124
0.0 140 0.0 124
1910.0 11 484.8 603.0 1065.7 7 477.0
0.0 140 4.1 111 4.1
23.8 105 10.2 7.6 21.2 77 10.0
0.0 140 0.0 124
20.3 109 7.2 7.0 0.0 124
1.0 138 1.0 0.0 124
3.9 133 2.5 1.1 0.0 124
0.0 140 0.0 124
170.0 58 54.9 53.8 95.7 40 36.9
94.7 71 13.0 23.4 17.3 82 8.9
3770.0 3 740.2 1088.2 1655.7 3 636.6
1090.0 16 148.5 301.1 51.9 58 38.2
55.8 80 20.2 17.4 20.3 79 8.8
3.1 134 3.1 0.0 124
818.0 20 293.8 223.3 208.2 22 111.9
317.0 39 78.3 107.1 163.9 30 77.0
91.0 73 43.8 29.2 38.6 64 21.8
178.0 55 17.3 44.6 31.9 69 11.0
561.0 25 260.1 165.7 199.0 24 103.3
2210.0 9 682.3 625.0 1845.0 1 490.2
54.5 82 16.6 16.6 8.9 98 7.2
127.0 64 23.7 31.2 62.1 50 17.8
0.0 140 2.2 120 2.2
244.0 46 45.8 57.8 91.3 42 30.9
97.3 68 13.0 25.6 5.9 106 4.4
0.0 140 0.0 124
170.7 57 47.4 50.7 69.4 49 20.5
2.2 137 2.2 0.0 124
3200.0 5 667.8 857.4 1066.4 6 380.4
0.0 140 35.4 67 18.6
23.3 106 7.4 7.6 2.9 114 2.8
89.1 74 23.8 23.8 38.3 65 12.0
0.0 140 0.0 124
29.5 99 9.1 10.3 13.4 92 7.6
0.0 140 58.0 52 58.0
35.2 90 10.0 9.7 35.6 66 12.8
0.0 140 54.4 57 54.4
3930.0 2 1594.7 1082.8 1108.1 5 619.0





































































217.0 49 66.6 59.5 55.9 55 27.4
1030.0 18 244.9 289.6 133.0 34 115.4
477.0 29 257.9 146.3 188.7 26 102.8
47.4 84 17.8 13.3 15.8 86 10.1
202.0 51 53.4 56.1 82.3 44 28.4
0.0 140 0.0 124
0.0 140 15.8 87 13.7
293.7 41 100.5 84.1 100.3 39 39.1
317.2 38 92.9 86.1 86.7 43 35.6
3620.0 4 1811.5 1053.4 1250.0 4 514.1
0.0 140 191.0 25 92.9
322.0 37 97.6 82.4 57.5 54 22.5
288.0 43 122.9 82.0 207.5 23 67.7
62.5 78 18.0 15.8 15.0 88 8.1
5.8 129 3.5 1.4 3.0 113 3.0
1080.0 17 541.3 325.1 406.0 15 155.2
415.0 33 238.0 121.4 174.0 28 74.4
570.0 24 171.9 145.2 295.5 17 95.5
6.0 128 3.6 2.3 0.0 124
25.3 103 8.8 7.2 11.5 95 6.1
23.9 104 9.2 6.4 2.7 116 2.7
30.0 97 13.6 11.9 0.0 124
502.0 28 184.7 133.0 261.9 19 128.0
147.0 61 51.1 39.3 77.9 46 26.8
11.4 118 5.9 3.9 0.0 124
91.8 72 25.9 24.1 28.2 71 11.2
291.0 42 149.7 86.7 122.0 36 61.5
204.0 50 111.7 57.5 79.9 45 35.6
36.6 89 15.3 13.1 14.2 90 6.2
180.0 54 180.0 0.0 124
12.6 117 8.2 3.8 4.6 108 2.9
141.0 62 75.2 45.7 60.1 51 24.1
308.0 40 135.8 84.7 252.3 21 81.3
0.0 140 16.5 84 16.5
1840.0 12 893.4 589.1 730.0 9 314.8
32.7 93 7.6 9.0 8.1 100 5.5
27.8 102 14.0 9.1 8.8 99 5.2
766.0 22 380.5 229.2 285.0 18 121.1
396.0 34 157.0 132.0 162.0 31 65.4
178.0 55 81.2 51.9 55.6 56 23.6


































PCB196 159.0 60 63.7 53.6 73.2 47 31.4
PCB203 233.0 47 115.5 79.1 102.0 38 48.1
PCB208 79.5 76 17.3 18.7 15.9 85 7.7
PCB189 33.5 91 16.3 9.8 14.8 89 9.0
PCB207 20.6 108 6.4 5.2 6.2 103 4.8
PCB195 130.0 63 51.8 41.8 45.5 61 20.4
PCB194 233.0 47 124.9 76.1 624.7 10 140.
PCB205 14.1 116 9.3 3.1 5.9 105 4.2
PCB206 192.0 53 60.8 44.1 47.5 59 21.2
PCB209 111.0 65 28.6 31.2 22.5 75 13.0
Gizzard Shad (n= 17) Striped Bass (n=
PCB (PG/G) max rank mean dev max rank mean
PCB1 23.8 110 20.4 4.8 2.9 108 2.9
PCB2 0.0 139 2.1 112 2.1
PCB3 0.0 139 5.1 96 2.8
PCB4 17.9 117 14.4 4.1 5.0 98 5.0
PCB10 4.9 134 4.9 0.0 125
PCB9 0.0 139 0.0 125
PCB7 0.0 139 0.0 125
PCB6 0.0 139 6.9 85 6.9
PCB5 0.0 139 0.0 125
PCB8 86.8 82 45.3 20.0 15.3 67 13.4
PCB 19 6.6 128 4.3 3.2 3.0 107 2.4
PCB 14 0.0 139 0.0 125
PCB30/18 100.0 79 45.2 32.4 29.4 55 17.7
PCB 11 377.0 48 266.9 46.0 0.0 125
PCB17 46.2 92 29.3 11.3 5.8 92 5.8
PCB13/12 1.7 138 1.7 0.0 125
PCB24 0.0 139 0.6 124 0.6
PCB27 8.3 124 5.1 1.8 2.2 111 1.4
PCB16 44.7 93 28.5 9.8 0.0 125
PCB15 37.8 98 17.8 9.8 9.4 79 8.8
PCB32 23.9 109 12.7 5.8 0.0 125
PCB54 0.0 139 0.0 125
PCB34 4.6 135 3.7 1.4 0.0 125
PCB23 0.0 139 0.0 125
PCB26/29 27.3 106 18.5 7.2 0.0 125
PCB50/53 30.7 104 11.1 8.1 4.5 102 3.1


































































243.0 57 99.4 75.1 0.0 125
540.0 40 177.5 156.7 5.2 95 5.2
234.0 59 61.2 64.4 0.0 125
52.2 91 14.5 14.1 6.1 89 4.4
14.5 120 6.1 3.9 1.6 116 1.6
10.3 121 6.3 2.3 2.1 112 1.7
743.0 32 174.7 194.5 80.6 36 47.0
107.0 76 61.0 30.9 15.5 66 15.5
961.0 25 286.9 258.5 134.0 24 69.9
74.2 84 30.0 19.0 10.2 77 6.3
0.0 139 0.0 125
924.0 27 260.5 245.9 110.0 29 66.4
0.0 139 0.0 125
85.3 83 33.1 23.8 6.2 88 4.2
0.0 139 0.0 125
223.0 60 77.0 62.4 26.2 57 12.6
0.0 139 0.0 125
23.0 112 10.1 6.5 2.0 114 1.8
281.0 51 69.8 70.7 25.8 58 14.2
5.0 133 5.0 0.0 125
0.0 139 1.6 116 1.3
73.2 85 35.1 22.3 0.0 125
27.6 105 11.7 7.2 3.6 103 2.7
419.0 44 107.3 112.2 42.9 46 20.1
30.8 103 21.3 6.6 6.5 87 3.8
32.2 101 13.8 8.5 5.1 97 2.9
21.3 113 12.2 5.0 4.5 101 2.5
0.0 139 0.0 125
7.7 125 7.7 0.0 125
1910.0 14 402.5 503.5 201.0 15 91.9
34.7 99 13.3 8.3 4.8 100 2.9
1820.0 16 409.1 470.0 206.0 14 101.4
44.6 94 21.2 12.7 7.0 84 3.8
983.0 24 460.2 290.2 184.0 18 162.5
341.0 49 137.1 90.3 49.6 44 30.8
23.5 111 11.0 7.8 1.2 120 1.2
0.0 139 0.0 125
0.0 139 0.0 125
0.0 139 0.0 125
6.5 129 4.8 2.3 0.0 125
526.0 41 233.5 184.0 97.7 30 48.0
267.0 55 90.4 74.3 50.9 42 33.1
15.9 118 8.1 6.8 1.1 121 1.1
411.0 46 99.4 100.2 35.9 51 20.5









































































150.0 66 48.1 39.1 13.4 70 13.1
2510.0 10 676.6 722.1 432.0 9 190.4
5.4 132 4.0 0.9 1.2 119 1.0
0.0 139 0.0 125
1470.0 20 432.3 393.5 270.0 11 161.0
6.7 126 6.7 0.0 125
38.2 97 26.3 7.4 6.8 86 4.0
0.0 139 0.0 125
31.1 102 12.4 8.6 2.6 109 1.6
3.4 137 3.1 0.3 1.0 122 1.0
9.9 122 7.2 2.0 2.5 110 1.6
0.0 139 0.0 125
429.0 43 113.6 115.0 43.8 45 22.6
60.1 89 28.0 15.7 10.9 73 5.8
2810.0 8 824.7 763.1 460.0 8 269.0
777.0 31 213.5 207.1 94.9 31 45.0
110.0 75 50.3 39.1 21.8 60 10.5
6.4 130 3.5 1.7 0.0 125
2210.0 12 639.7 648.6 237.0 12 129.9
208.0 61 74.0 51.6 38.1 49 33.4
262.0 56 73.0 75.0 30.3 54 15.7
140.0 70 34.5 36.4 8.9 80 4.6
1450.0 21 821.2 426.1 230.0 13 103.0
5450.0 4 1733.6 1508.6 535.0 5 299.0
60.3 88 33.7 17.3 13.2 71 6.6
107.0 76 44.1 28.3 19.1 62 9.3
3.9 136 3.9 0.0 125
275.0 52 100.2 77.0 42.7 47 27.1
73.2 85 24.7 20.0 8.9 80 4.2
0.0 139 0.0 125
195.6 63 69.1 55.6 23.7 59 14.9
5.5 131 4.0 1.3 1.4 118 1.3
2810.0 8 748.1 748.4 504.0 6 266.5
0.0 139 0.0 125
18.9 115 10.2 6.1 5.8 91 3.6
110.3 74 50.6 39.2 17.6 63 8.7
0.0 139 0.6 123 0.6
25.5 107 12.6 11.2 3.5 104 2.6
0.0 139 0.0 125
32.4 100 13.6 8.2 10.5 76 5.5
0.0 139 9.5 78 9.5
8640.0 3 2667.1 2833.1 1060.0 2 598.5
1640.0 17 783.7 381.3 167.0 21 149.0
835.0 29 217.8 228.2 84.6 33 32.7














































































1490.0 19 423.0 468.4 175.0 20 82.0
321.0 50 94.7 89.4 26.9 56 10.4
193.0 64 62.2 56.4 31.4 53 19.9
0.0 139 0.0 125
6.7 126 5.8 1.5 0.0 125
411.8 45 161.4 141.6 56.8 40 31.5
615.6 37 156.4 170.9 53.5 41 29.0
9970.0 1 3562.7 3565.4 1340.0 1 603.0
98.1 80 53.2 34.5 5.9 90 5.9
740.0 33 231.4 241.3 81.5 35 26.9
596.0 38 195.5 193.5 73.7 38 46.4
131.0 71 65.6 34.7 15.8 65 5.9
18.1 116 13.1 3.9 3.4 105 1.9
4510.0 5 1386.2 1503.5 537.0 4 182.8
2140.0 13 599.9 694.6 155.0 22 70.6
655.0 36 263.1 232.4 126.0 25 89.5
39.9 95 15.3 11.9 1.6 115 1.6
91.3 81 41.0 23.7 5.6 93 2.8
24.1 108 17.7 5.0 4.8 99 3.2
382.0 47 148.6 134.6 10.6 74 5.8
3410.0 7 799.8 918.9 198.0 16 68.6
272.0 54 116.9 92.4 36.9 50 20.3
9.0 123 5.7 4.3 0.0 125
241.0 58 125.2 82.7 35.1 52 14.5
1850.0 15 465.7 527.5 140.0 23 49.3
1130.0 22 280.9 338.3 112.0 28 38.3
150.0 66 93.5 35.1 20.9 61 7.6
196.0 62 194.0 2.8 0.0 125
59.6 90 31.1 16.4 8.7 82 3.2
738.0 34 218.6 236.4 80.4 37 25.2
507.0 42 189.2 170.2 93.2 32 69.9
192.0 65 100.8 104.8 0.0 125
9010.0 2 2440.3 2931.2 942.0 3 298.9
142.0 69 63.8 40.2 10.6 74 4.0
149.0 68 48.7 47.5 13.7 69 5.6
3980.0 6 1047.1 1237.9 358.0 10 120.2
1580.0 18 583.5 547.3 192.0 17 63.4
813.0 30 242.4 269.2 69.7 39 25.8
15.6 119 8.8 4.1 0.0 125
695.0 35 389.1 167.9 83.4 34 30.8
945.0 26 333.5 326.6 118.0 26 39.4
107.0 76 54.6 40.7 16.2 64 9.7











































38.4 96 29.1 8.1 7.3 83 4.8 1.7
557.0 39 249.6 160.9 50.9 42 18.8 13.6
1040.0 23 345.3 310.8 118.0 26 50.9 29.5
63.0 87 30.2 14.7 5.5 94 2.2 1.5
274.0 53 132.9 106.5 38.5 48 29.7 7.6
113.0 73 65.9 38.7 15.2 68 12.9 2.0
Table D.1 Fish Tissue Statistics
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GC/MS SCREENING OF SAMPLES PRIOR TO ISOTOPIC ANALYSISE
1260 Process QC 149 180
110 A roclorl260 1:10 SIM
SIM
Scan
Figure E.1 Aroclor 1260 in SIM mode (top panel) and sample 1260 Process QC in SIM 
mode (second panel; total ion chromatogram of all measured SIM traces), full scan 
mode scaled to largest PCB peak (third panel) and full scan mode scaled to largest 
peak (bottom panel). The profile of sample 1260 Process QC matches that of Aroclor 
1260.
149 1741 3 2 /1 3 8  153
| 1 6 0 /1 6 3
180
3 5 /9 8  101 110 A roclorl260 1:10 SIM
SIM
A- —’ A ^ A A .  . .  .
Scan
Figure E.2 Aroclor 1260 in SIM mode (top panel) and sample Ref Area 7 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel). The full scan of Ref Area 7 shows the presence of non-PCB 
compounds.
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149 1 3 2 /1 3 8  1 53
| 1 6 0 /1 6 3
174 180
9 5 /9 8  101 1 10 A roclorl260 1:10 SIM
SIM
Sea
Figure E.3 Aroclor 1260 in SIM mode (top panel) and sample SB01 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).PCBs are major compounds in sample SB01 (as seen by comparing 
full scan and SIM).
SB07 1 74 180




Figure E.4. Aroclor 1260 in SIM mode (top panel) and sample SB07 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel). PCBs are major compounds in sample SB07 (as seen by comparing 
full scan and SIM).
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Sediment2 149 174132/138 153
160/163
180




Figure E.5. Aroclor 1260 in SIM mode (top panel) and sample Sediment2 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).PCBs are major compounds in sample Sediment2 (as seen by 
comparing full scan and SIM).
Sediment3 174149 1 3 2 /1 3 8 -J 5 3 180
95/98 101 110 118





Figure E.6. Aroclor 1260 in SIM mode (top panel) and sample Sediment3 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Sediment3 shows presence of a suite of non-PCB 
compounds.
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Sedim ent8 1 74149 1 3 2 /1 3 8  153
j i 8 S 7 i 6 3
180
9 5 /9 8  101 A roclorl260 1:10 SIM
KtO2 * TIC SIM
SIM
Scan
Figure E.7. Aroclor 1260 in SIM mode (top panel) and sample Sediment8 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).Sample Sediment8 contains PCB at a relatively low concentration.
Tissue3 149 1 7 4 18Q1 3 2 /1 3 8  1 53
9 5 /9 8  101 11 0 A rociorl260 1:10 SIM
SIM
Scan
Figure E.8 Aroclor 1260 in SIM mode (top panel) and sample Tissue3 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissue3 shows presence of non-PCB compounds
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Tissue6 1 4 9 1 3 2 /1 3 8  153
! 1 6 0 /1 6 3
1 7 4 1 8 0






Figure E.9. Aroclor 1260 in SIM mode (top panel) and sample Tissue6 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissue6 shows presence of a suite of non-PCB 
compounds.
Tissue9 1 4 9 1 7 41 3 2 /1 3 8  153
! 1 60 /16 3
1 8 0




Figure E.10. Aroclor 1260 in SIM mode (top panel) and sample Tissue9 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 




xIO4 -  TIC SIM 09C21 »ca_OJ S
149 1 3 2 /1 3 8  1 53
| 1 6 0 /1 6 3
1 74 180





Figure E.11. Aroclor 1260 in SIM mode (top panel) and sample Tissue11 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissue11 shows presence of a suite of non-PCB 
compounds.
Tissue12 1 74149 1 3 2 /1 3 8  1S3 180




Figure E.12. Aroclor 1260 in SIM mode (top panel) and sample Tissue12 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissue12 shows presence of non-PCB compounds.
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Tissuel 3
*10 4 ♦ TIC yM»C2i4c»_Ci3:
149 1741 3 2 /1 3 8  153
j 1 6 0 /1 6 3
180
9 5 /9 8  101 110 A roclorl260 1:10 SIM
SIM
Scan
Figure E.13. Aroclor 1260 in SIM mode (top panel) and sample Tissue13 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissuel 3 shows presence of non-PCB compounds.
Tissuel 5 149 174 180
9 5 /9 8  101 110 Aroclorl260 1:10 SIM
SIM
Sea
Figure E.14. Aroclor 1260 in SIM mode (top panel) and sample Tissue15 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissuel 5 suggests that PCBs are main compounds 
in this sample. Non-PCB compounds also present (e.g., retention times 49-51 min).
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Tissuel 6
*10* » TIC SIM 09C21 i c t j f i  d
174149 180
9 5 /9 8  101 110 Aroclorl260 1:10 SIM
SIM




Figure E.15. Aroclor 1260 in SIM mode (top panel) and sample Tissuel6 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 
(bottom panel).The full scan of Tissue16 shows the presence of non-PCB 
compounds.
Tissuel 7 174149 1 3 2 /1 3 8  153
! 1 6 0 /1 6 3
180
9 5 /9 8  101 1 1 0 Aroclorl260 1:10 SIM
SIM
Scan
Figure E.16. Aroclor 1260 in SIM mode (top panel) and sample Tissuel7 in SIM mode 
(second panel; total ion chromatogram of all measured SIM traces), full scan mode 
scaled to largest PCB peak (third panel) and full scan mode scaled to largest peak 





Figure F.1-Aroclor1260-C13 Full Chromatogram
Figure F.2- Aroclor1260: C13 Extracted Profile (Retention time 3200-4600sec)
/—* 1 I ^ V*-— I A*v'-
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Figure F.3-C13 PCB#2 Standard
Figure F.4- C13 Process QC (Aroclor 1260)
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Figure F.5- C13 49F Sample SB01
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Figure F.6 C13 49F Sample SB07
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5 s-CI MEASUREMENTS: CHROMATOGRAMS AND 5 ^C1 VALUES
PCB110 PCB149 PCB180
(m/z 324&326) (m/z 358&360) (m/z392&394)
5CI_112S14bpg_60 6CIJ03114bpg_08
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G.1 Peak integration for PCB-110, PCB-149, and PCB-180 for GC/qMS-based 837CI 
measurement. For each PCB congener, two SIM traces (shown as black lines; one for 
PCB containing only 35CI, one containing one 37CI per PCB) were integrated using an 
automated peak integration routine that is based on peak slopes (red lines). The green 
dotted lines represent the area used for background subtraction. For each sample, five 
to six sample-isotopic standard sequences were run. The concentration of the isotopic 
standard was adjusted to match that of the sample within 50%.Table G.1.Measured 537CI 
values, expressed as % o vs. SMOC. Given are the average values, the number of 
measurements (n), the individual measurement and the ratio of isotopic standard I 
sample concentration. As PCB-149 and PCB-110 exhibited significant linearity effects 
(i.e., dependence of 537CI on the ratio of isotopic standard / sample concentration; 
measurements have been corrected.
e «o 







s s£ gi :
* !
1 8




a °i R 1
§iS  ■«
l as «*» C -p
i ;> *p 
1? *
3 5 8  § 3  8 
§ S 2 § 1 § § 3 3 3 5 §
4  5  J5 q s; q Si Si q 5 ! § 4t- t^ O O O « H O O ' H O » - i O
s sg i epj KBaascee<H«-lOOO<HOd<rieTHC>
^ U B e S S S R E S i^ 0 0 6 6 ^ 0 0 ^ 0 0 0
S 5 S R S 5 R S ^ 8 ?
• J d d d d ^ d ^ ^ r i t f
e t s  a s  a
^ f«l rs M <jf
i n s s s i s s s j s s
S3§ 3  S S S 33  
§ § 3 3 3 § 5 3 ! § ! 3
5 3 a q q 3  q 55 $ $ q qrtrttiflHrtHHHOOrt
S 8 ^ q S 8 » J f l 8 S *
s a » s s 8 « « g i 9 n nHrHrt r i f i Hrtr t HHOH
5S«883P(lBieaSR
S 8d rri n x i s  a arJ iH »-J jvi p1 M M
S R 8 H S S 8 S S 8 8 !
i
I I  S | 5 § ? ? § J 5 ? S 8  5 3 ? S 5 ? § 8 ? ? 3 3
qgSSgiasiSSSiSSi
i f l w i l s n i r i i n i p ^ N W ^
Q ^ S & l S S i M Q * *i r t r t O j i N r t i r i N ^ H f s ^ r s
9 9 9 9 9 9 5 5 9 9 5 9  5 9 9 5 9 9 5 5 9 5 5 9
$ ti 9 5  ? 
8 9 8 3 9 3 5 9 3 8 3 9
3 3 3 9 9 9 9 3 9 9 9 9
5 * * * 9 5 5 * 3 3 * 3
8S!?!StRS;ggi985i¥i^pr5opP^f^frif>^iHr^^PNi
S R g S a s a S S R R Sep^ yf^^ ppi<iNpr>ffip«ipn
9 3  9 9
9 9 9 3 9 5 9 9 3 9 9 9  
9 9 9 9 9 9 9 9 9 9 9 9
!*> «f 9 P»i
v ^ T v t T y T t t v T
HSfcSSSfCl i RSSSS
« S313fN 9 Up Si «9  ^ s i S ?  S ?S|0 9 9 - «q *cr< a
5i « 9 3 4 3 Si § si Si
s s a s a s s s s a i c s
s & s s s i f l i p a a s i a arri« u^p*J*4 «Ht9 Y 9 '^,S*~'
S Sfl 8 B 3 ^
n p * Hi ^ 9 * ^ p * J ^ l w S ©^ ^ 9
9 S 9 9 9 9 9 9 9 3 9 3
lAHlliAlllAlltlAlA
gSiqggg^gQRISiC;
g s s t a t f j a s s ^ s a s0 9 9 0 9 ^ 0 ^ ^ 0
e * s; a s s e s s  s a g
g 9 ^ r J g 9 ^ 9 9 J i s o
9 5 9 3 S 9 9 5 9 9  
3 9 9 9 9 9 9 9 9 9 9 9
« H i A M « « i * l l « i A « i i
53 8 5 3  99
5 3 § § § § i § 3 3 i i
8 q q S3 8 ? 9 Si 3 3 « «i-i«H9- i©^»- i»H©rtQ© 0
0 « H « - l O r H r H < H O ^ O O O
s 9 » « s s s a s p s sr^piriodrtiHdHCiHd
9 > 3 S £ £ 8 $ $ 3 3 8 S^ ^ d d ^ d d n d ^ d
S 8 9 £ 8  S srrf ri 6  p«J r»! Cj S
; a a s c 9 5  a j c R s s
? 5 5 5 S ? ? ? 3 S 5 ?
^ 3 S » S i ; g  = S 5 s  =
f f ? r * 5 < t 5 f l ^ m y g u p ^ c n ^ 9
si g  3  o a si §  $  £ si 5  ^
e  s  5  tc s  s  3 si s  s  9 5
9 p > J u | 5 r ^ 9 9 9 ^ - f « 3 9 fNi i s
5 8 a s g  Rs
9 9  9 r*3 r»3 © r<
5 ? ? ? 5 9 g ? ! 5 S a
S 5 5 S 5 ¥ ? ? * ? S ?
8 § 5 8 5 8 f ? S 8 S 8
R » t Q & 1 q 8 ! 3 H 3 f t X ! >
<>i ,^ p7 ' T p!<l T ™ 9 kf -? S Q o
S S S S S a p l & S S ’ SjS
< p r ^ u p r ^ f ^ 9 ' f 9 C lp 9 p . i f s
R i  S s;s; $ s0 9  t  h h  S ©
15 8 ie 51 Si 51 Si 0 S ft 3 $. N 0 9 9 0 * - i ( N 9 0 * h ; IJo
a ^ Ri S ! g # 3 e i ? RS g
q s s s q R s s s s i S q
© « - * © u? © 9 * 9 ' ? « " ? ' © * r t t f
3 a s ®  a i S ? ? s i 9
8 3 ? ? § 5 § 8 S ? 3 3
tfPlAtftftflAiAMlAlOlfl
«H rl r-» M
v r& r* c O a
I  § « s sI  2 -I 2 2
<  f t  B  V ) VI
g  a *  u8 8 'S a 0 1 y >- 9 9s j i !  1 1 * * 3  3 
d 1 i I i § *a. <  0. ae i/i in 1
l l §
O «H 1*1 *1 1 o o
5 +1 -W ■«
t
§ 8 8 8  
j
h s §
I s  s s
d 3 3 S S 3 l 3 3 3 S S 3  3 3 3 a 3 3 3 3 3 3 3 3 3 3 3 ^ 3 3 1 3 ^ ^ ^ 3  1




















H SUMMARY TABLE OF FISH SPECIES ANALYZED (Note: Other samples were 
collected and not used due to loss of sample during preparation, QC Issues, or PCB 
concentrations were less than the limit of detection.)





Congeners % Moisture 
and Solids S  Lipids
Striped Bess - F ittitd
0PBS4QF-3TB 31 CPBS4&f-S-F S01-0806 Near Reference Area 7 720 ■?? stripped bass X X X
:»BS^ SF-STB31 CPES4BtP-3-FS«2-080S Near Reference Area 7 74 0 4116.0 stripped bass X X X
: p&S45F-STB31 CPBS4&F-S-FSC 33806 Near Reference Area ? 74.0 4540.0 stripped bass X X X
:?&S49F-STB31 CPBS4&F-S-F S03R-DSQ& Near Reference Area 7 65 ,D 2025.0 stripped bass X X X
:?6S48F-STBai CPBS4Jf-S-FS04-0809 Near Reference Area 7 53 0 1505.0 stripped bass X X X43.D 100S.0 stripped bass
:?&s-<sF-sTBai CPBS4&F-S-FSB5-0809 Upper Reservoir and Reference Area 5
55.0 1646.0 stripped bass
X X X5S.5 2806.0 stripped bass
53.5 2567.0 stripped bass
:?&S*8F-STBat CPB S49r-S-FKH!-DfiOC Near Reference Area S 52.0 2302.0 stripped bass X X X
:?&S49F.ST801 CPBS4&f-S-FS27-0806 Near Reference Area 6 93.5 2853.0 stripped bass X X X
:?BS4»F-STB0t CPBS49r*5-FS0S-Q6QQ Near Reference Area 6 62.3 2760.0 stripped bass X X X
(Cattish - Filleted i
(CaBS4eF-WC01 CPBS4&F-C-FSQ1-S8Q9 Not Recorded •> 7 White Catfish X X X
CPBS4&F-WC01 CPBS45F-C-FS02-S3D& Not Recorded 25.0 235.0 Whis# Catfish X X X
o»B346F-wcai CPBS4&f-C-FSa2R-a8&3 Not Recorded 28.0 247.0 WMe Catfish X X X
:P£S49F-WC31 CPBS4*f-C^ SG3-0309 Not Recorded 33.5 5650 White Catfish X X X
: pbs<sf-wcqi CP6S49?-C-FSQ4~D30& Not Recorded 30.0 252.0 While Catfish X X X
0RBS49F-WC01 CPBS4&f-D-FSQ5-C8D& Not Recorded 31.5 324X- While Catfish X X X
CPBS4Sf-C-FS0W«O» Not Recorded 340 536X While Catfish X X X
Gizzard Shad •
orbsaqf-gsoi CPBS45f-G-FSD-!-B8S9 Preferential Pathway Areas 1 and 2
28.0 245.0 gizzard shad
X X X30.0 235-0 gizzard shad
40.0 55&X gizzard shad
CP6S49F-G30t CPES4&f-G-FS02-08D3 Reference Area 7
37.0 466.0 gizzard shad
X X X27.0 166.0 gaaard shad
32.5 382.0 gizzard shad
: pbs^sf-gsoi CPB54&F-3-FS03-0829 Reference Area 7
32.0 431.0 gizzard shad
X X X27.0 240 0 gzzard shad
27.0 238.0 gzzard shad
OPS546F-GS01 CPB545r -G-FS04-GB09 Upper Reservoir
37.0 537.0 gzzard shad
X X X35.0 506.0 gizzard shad
31.0 355.0 gtzzard shad
:=*BS49F-G301 CPB 549F-G-FS0E-43SS9 Uppe^  Reservoir
31.5 352.0 guuatd shad
X X X34.0 435 0 gozard shad
26.0 261 0 gizzard shad
: 3BS4SF-GS01 CPBS49r -G-fSDC-CBD8 Upper Reservoir
38.0 572.0 gizzardshad
X X X36.0 697.0 gizzard shad
32.0 351.2 gizzard shad
:P&3-*9F-GS01 CPBS49F-G-FS06P-0B09 Upper Reservoir
340 393.0 gizzard shad
X X X31.5 342.0 gizzard shad
34.5 410.0 gma?d shad
:°6S<BF-aSD^
.
CPBS4&F'-G-FS0B-aK» Near Reference Area fi
37.0 440.0 gczzard shad
X X X35.0 457.0 gtzzard shad
33.0 376.0 gizzard shad
|CP6S^ 9F-GS0* C?BS49=r-G-FS07-OS:S Near Reference Area€
33.0 376.2 gizzard shad
X X X32.0 386.0 grzzard shad
34.0 416.0 gizzard shad













and Solids % upids
Blue Gill
1 7 0 94 0 r e d e a r
:PBS49F-BG 01 CPBS49F-B-FS01-08Q9 Preferential Pathw ay A reas 1 
and 2
17 0 91.0 su rfish X X X
16.0 94.0 re d  e a r
1 4 0 46  0 bluegil
20 0 129 0 rad ea r
:PBS49F-BG 01 CPBS49F-B-FS02-0809 Preferential P athw ay A reas 1 
and 2
20 0 140 0 blueQill X X X
1 6 0 76 0 sinfish
14.5 51.0 blueqili
15 5 74.0 blueQill
3PBS49F-BG01 CPBS4SF-B-FS03-0809 Preferential Pathw ay A reas 1 and 2
1 7 0 92.0 sunfish X X X
1 4 0 44 0 red ea r
1 4 5 52.0 blueqili
1 3 5 38.0 s irf ish
3PBS49F-BG01 CPBS49F-B-FS04-0809 pffiisfumiyi pjuifcdy Aiyyy i and 2 1 4 5 42.0 sunfish X X X
1 6 0 62 0 s irf ish
15.0 58.0 Diueaiii
3PBS49F-BG01 CPBS49F-B-FS05-0809
and 2 1 7 0 85.0 red ea r X X X
18.0 86.0 s ir f is h
16.0 78 0 red ear
3PBS49F-BG01 CPBS49F-B-FS06-0809 and 2 1 8 0 1090 sunfish X X X
14 0 3 9 0 red ear
20.0 1200 sunfish
3PBS49F-BG01 CPBS49F-B-FSQ6P-0809
and 2 15.0 64 0 sinfish X X X
13.0 25.0 red ear
21.0 129 0 blueQill
2PBS49F-BG01 CPBS49F-B-FSQ7-0809 and 2 1 5 0 49 0 sunfish X X X
1 6 0 67.0 blueqili
1 5 0 57 0 sinfish
3PBS49F-BG01 CPBS49F-B-FS09-G809 R eference A rea 6 16.5 78.0 sunfish X X X
18.0 104.0 sunfish
18.5 8 8 0 red ear
2PBS49F-BG01 C PBS49F-B-FS10-0809 R eference A rea 6 14.5 4 8 0 Uueoili X X X
15.5 61 0 blueQill
20.5 126.0 sunfish
3PBS49F-BG01 CPBS49F-B-FS11-0609 R eference A rea 6 X X1 7 0 85.0 red ear X
1 9 0 1040 red ear
^PBS43F-BG01 CPB S49F-B-FS12-0909 R eference A rea 6
14 0 4 7 0 biuegiii
X X
1 8 0 114.0 sinfish
1 5 5 63.0 bluegill X
13.5 28.0 biuegiii
15.0 46.0 bluegill
:PBS49F-BG 01 CPB S49F-B-FS13-0809 Reference A rea 7
19.0 112.0 red ear
X X21.0 154.0 red ear
14 0 50 0 biuegiii
14.0 4 8 0 biuegiii
3P8S49F-BGQ1 C PB S49F-B -FS14-0809 R eference A rea 7
19.0 112 0 red ear
X X18.0 112.0 red ear
18.5 115.0 red ear
15 0 67 0 bluegill
:PB S49F-BG 01 C P8S49F-B -FS15-0809 R eference A rea 7
18.5 108 0 red ear
X X18 0 112 0 red  ear X
13.0 39 0 bluegill
:PBS49F-BG 01 CPB S49F-B-FS16-0809 R eference A rea 7
22.0 215.0 red ear
X X14.0 54 0 bluegill X
15.5 7 3 0 red ear
Table H.1 Fish Species Analyzed
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I SEDIMENT DENDROGRAM STATISTICS
Variable Observation with missinsithout missi Minimum Maximum Mean ;td. deviatio
DRA1 (0-6) 9 O 9 0.018 0.157 0.081 0.050
DRA1(6-12 9 O 9 0.000 0.157 0.069 0.054
DRB2(0-6) 9 O 9 0.020 0.155 0.076 0.054
DRD2(6-1: 9 O 9 0.020 0.148 0.070 0.048
out(0-6) 9 O 9 0.000 0.170 0.059 0.059
DRC1 (0-6) 9 O 9 0.016 0.143 0.069 0.051
DRC1(6-1: 9 O 9 0.016 0.1 16 0.062 0.042
DRC2(0-6) 9 O 9 0.016 0.142 0.066 0.050
DRC2(6-1 2 9 O 9 0.014 0.133 0.063 0.046
DRC3(0~6) 9 O 9 0.015 0.134 0.067 0.050
DRC3(6-12 9 O 9 0.016 0.131 0.064 0.045
DRC4(0-6) 9 O 9 0.013 0.133 0.066 0.048
DRC4(6-1 2 9 O 9 0.014 0.132 0.063 0.046
DRC10(0-£ 9 O 9 0.000 0.135 0.059 0.055
DRC1 0(6-1 9 O 9 0.009 0.135 0.062 0.052
DRC1 1 (0-6 9 O 9 0.000 0.133 0.062 0.052
DRC1 1(6-1 9 O 9 0.015 0.122 0.059 0.045
DRC12(0-e 9 O 9 0.000 0.133 0.061 0.053
DRC12(6-1 9 O 9 0.014 0.135 0.063 0.049
DRC13(0-e 9 O 9 0.014 0.127 0.061 0.046
DRC1 3(6-1 9 O 9 0.013 0.128 0.062 0.047
DRC14(0-C 9 O 9 0.014 0.123 0.060 0.042
DRC 14(6-1 9 O 9 0.015 0.1 19 0.057 0.042
DRC15(0-e 9 O 9 0.000 0.134 0.060 0.049
DRC1 5(6-1 9 O 9 0.008 0.096 0.047 0.028
DRC16(0-£ 9 O 9 0.000 0.129 0.060 0.049
DRC1 6(6-1 9 O 9 0.003 0.091 0.043 0.035
DRC17(0-e 9 o 9 0.000 0.144 0.061 0.056
DRC17(6-1 9 o 9 0.014 0.122 0.059 0.042
DRC 1 8(0-6 9 o 9 0.000 0.125 0.052 0.041
DRC1 8(6-1 9 o 9 0.007 0.103 0.049 0.035
DRC19(0-£ 9 o 9 0.015 0.1 17 0.058 0.039
DRC19(6-1 9 o 9 0.014 0.109 0.055 0.038
DRD1 (0-6) 9 o 9 0.021 0.139 0.070 0.046
DRD1(6-12 9 o 9 0.019 0.128 0.066 0.044
P1A1 (0-6) 9 o 9 0.016 0.1 15 0.058 0.042
P1A1 (6-1 2 9 o 9 0.013 0.085 0.046 0.027
R1A1 (1 2-2- 9 o 9 0.003 0.1 12 0.044 0.038
PI A2(0-6) 9 o 9 0.015 0.1 19 0.059 0.044
P1A2(6-12 9 o 9 0.010 0.101 0.048 0.029
P1A2(12-2 9 o 9 0.002 0.092 0.039 0.034
P1 B1 (0-6) 9 o 9 0.017 0.1 14 0.059 0.042
P1B1 (6-1 2 9 o 9 0.010 0.1 14 0.050 0.033
P1 B1(12-2 9 o 9 0.002 0.042 0.016 0.013
P1 B2(0-6) 9 o 9 0.010 0.114 0.050 0.033
P1 B2(6-1 2 9 o 9 0.020 0.108 0.058 0.040
P1 B2(12-2 9 o 9 0.013 0.105 0.048 0.032
P1E1 (0-6) 9 o 9 0.005 0.060 0.029 0.022
P1 F 1 (0-6) 9 o 9 0.005 0.085 0.042 0.030
P2A4(0-6) 9 o 9 0.014 0.087 0.049 0.026
P2A4(6-12 9 o 9 0.003 0.071 0.034 0.027
P4A1 (6-1 2 9 o 9 0.002 0.094 0.042 0.036
P4A1 (0-6) 9 o 9 0.003 0.085 0.042 0.033
P4A2(0-6) 9 o 9 0.006 0.058 0.031 0.020
1 REF5A(0- 9 o 9 0.013 0.082 0.047 0.025
2REF5A(0- 9 o 9 0.018 0.099 0.051 0.032
2REF6A(6- 9 o 9 0.005 0.070 0.033 0.025
1 REF6(0-6 9 o 9 0.006 0.057 0.028 0.018
2REF6B(0- 9 o 9 0.005 0.078 0.041 0.031
2REF6B(6- 9 o 9 0.007 0.083 0.042 0.032
1 REF6C(0 9 o 9 0.003 0.080 0.039 0.031
3REF7 A(0- 9 o 9 0.002 0.077 0.029 0.027
3REF7A(6- 9 o 9 0.004 0.086 0.037 0.030
2REF7C(0 9 o 9 0.007 0.085 0.040 0.028
SB04(0-6) 9 o 9 0.006 0.123 0.058 0.049
Table 1.1 Dendrogram Statistics
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Node statistics:
Node Level Weight Objects Left son Right son
129 0.397 65 65 127 128
128 0.642 41 41 5 126
127 0.829 24 24 121 124
126 0.859 40 40 30 125
125 0.871 39 39 65 123
124 0.916 7 7 55 122
123 0.920 38 38 2 120
122 0.921 6 6 97 105
121 0.929 17 17 115 117
120 0.948 37 37 118 119
119 0.955 30 30 109 116
118 0.960 7 7 113 114
117 0.961 8 8 62 101
116 0.970 28 28 84 112
115 0.971 9 9 103 111
114 0.973 2 2 47 50
113 0.975 5 5 1 108
112 0.977 25 25 7 110
111 0.978 3 3 58 107
110 0.981 24 24 102 106
109 0.983 2 2 11 13
108 0.985 4 4 35 92
107 0.985 2 2 38 44
106 0.987 18 18 99 104
105 0.988 4 4 66 89
104 0.988 7 7 90 98
103 0.989 6 6 74 91
102 0.989 6 6 37 96
101 0.989 7 7 52 100
100 0.989 6 6 48 85
99 0.990 11 11 94 95
98 0.990 4 4 28 87
97 0.990 2 2 54 64
96 0.991 5 5 29 93
95 0.992 8 8 10 83
94 0.992 3 3 8 86
93 0.993 4 4 56 75
92 0.993 3 3 34 82
91 0.993 4 4 77 88
90 0.994 3 3 19 69
89 0.994 2 2 25 40
88 0.994 2 2 41 63
87 0.995 3 3 16 76
86 0.995 2 2 12 23
85 0.995 5 5 78 81
84 0.995 3 3 14 79
83 0.995 7 7 73 80
82 0.996 2 2 3 4
81 0.996 2 2 53 59
80 0.996 5 5 67 72
79 0.997 2 2 15 18
78 0.997 3 3 60 70
77 0.997 2 2 27 57
76 0.997 2 2 24 26
75 0.997 3 3 33 71
74 0.997 2 2 31 49
73 0.998 2 2 42 46
72 0.998 3 3 20 68
71 0.998 2 2 22 32
70 0.999 2 2 51 61
69 0.999 2 2 6 9
68 0.999 2 2 17 21
67 1.000 2 2 36 39
66 1.000 2 2 43 45
Table 1.2 Dendrogram Node Statistics
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V ariance decom position for the  optimal classification:
Absolute Percen t
W ithin-dass









C lass B (113/90/1CB (110/11 PCB (146)CB (147/143 (138/163/C B (153/16CB (180/19 PCB (170)CB (198/199) 
1 0 .036 0 .037 0 .013 0 .064 0.109 0 .093 0.072 0.038 0.017




C lass B (113/90/1CB (110/11 PCB (146)CB (147/143 (138/163/ CB (153/16CB (180/19 PCB (170)CB (198/199) 
1 (P1B2(12-24)) 0 .027 0.034 0 .013 0.052 0.105 0.086 0.067 0.034 0.017
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